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ABSTRACT
Crystallization and Morphological Phenomenon of
Sheared Poly ( 1-butene ) Melts
February I983
Michael D. Wolkowicz
B.S., Western New England College
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by: Dr. Frank Karasz
This work has studied the effect of shear on the melt
crystallization behavior of three poly ( 1-butene ) materials
at several shear rates and degrees of undercooling. The
poly( 1-butene) samples investigated varied in number
average molecular weight from 35 , 000 to 105,000. Crystal-
lization was carried out using a parallel plate rotary
shearing apparatus mounted on the stage of an optical
microscope. Photographic techniques were used to record
nuclei formation and size during crystallization over a shear
rate range of 0 sec -1 to 12 sec"*. The data was analyzed in
light of classical nucleation theory and Avrami kinetics.
The imposition of shear during crystallization generally
accelerated the transformation process through increased
nucleation rates. The process was also characterized by
vi
a reduction in induction times which generally showed a
saturation effect with shear. The negative temperature
coefficient of the nucleation rate becomes less negative
for shear crystallization over the range studied.
Shear stresses of the crystallizing melt were measured
on a separate instrument and were found to increase rapidly
with the onset of crystallization. The rise in shear stress
paralleled the rise in nuclei formation. The corresponding
increase in viscosity could be accounted for by using an
effective nuclei volume concept during the early stages of
crystallization.
Morphological studies of sheared samples show deformed
spherulites and row-nucleated structures
.
The observations here lead to the conclusion that the
shear stress in the system induce a certain amount of
molecular orientation which greatly accelerates the overall
crystalline transformation process . The large increase in
the nucleation process which is believed to be directly
related to the orientation in the system, is the main con-
tributing factor to the rapid crystallization as well as
the decrease in induction period.
VI
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CHAPTER I
Introduction
Processing a polymer melt under various conditions will
result in a material with a range of physical and mechanical
properties. These properties are directly related to the final
morphology of the polymer which is for the most part controlled
by the processing parameters. Temperature and shear rate are
the most common parameters controlled during processing. The
purpose of this work is to further the study of melt to crystal
transformation of a polymer of various molecular weights un-
der the controlled conditions of temperature and shear rate
so that the fundamental process of nucleation and growth
might be better understood.
Polymers in the form of melts, dilute solutions and cross-
linked systems have been studied during or after the im-
position of shear stresses by many investigators. Most
of these studies have dealt with overall transformation rates
rather than nucleation and growth processes which are in-
herent to the transformation itself. The experimental and
theoretical results of various investigators are presented as
a foundation and familiarization for this work.
1
Nucleation and Growth
Reports by Till 1 and Keller2 concerning the morphology
of polymer single crystals grown from dilute solutions and
the evidence for a folded chain configuration opened the door
for a variety of mathematical treatments seeking to explain
the formation of polymer crystals with folded chains. The
continuing development and refinement of theories related to
the kinetics of nucleation and growth of polymer crystals
attest to the complexity of this process and the importance
in understanding it.
Many theoretical treatments use the approach of Turnbull
and Fisher who applied Eyring rate theory to nucleation in
a single phase system of a low molecular weight material.
In the case of high molecular weight polymers crystallized
from a dilute solution Lauritzen and Hoffman have shown to
a good approximation that the number of stable nuclei formed
per unit time in a controlled system is
I = kT/hn e ( -F*/kT) ( -0*/kT) (1)
where n
Q Is
the polymer concentration, F* is the free energy
of activation of a polymer segment diffusing to or adding
a step to the nucleus, and 0* is the free energy of formation
of a critical size nucleus. The term dealing with the for-
mation of critical size nuclei has received most attention
in the literature because it accounts for the chain folding
process encountered in polymer crystallization and the bulk
free energy of fusion.
Price 5 has shown that the essentials of polymer crystal
growth, constant lamella thickness and the inverse temperatu;
dependence of lamella thickness, is controlled by the co-
herent nucleation of new layers of crystals on the non-
folded faces of the existing crystal. The free energy re-
quired to form a nucleus based on his model is
F = 2ah C;
1
+ 2bhtf
2
+ abh(G ) (2)
where a, b, and h are the nucleus dimensions, c, and tf are
interfacial energies, and Gy is the free energy of melting
per unit volume. Finding the critical nucleus dimensions
and thus the minimum height of the free energy barrier
necessary to form a stable nucleus an energy surface can be
defined which relates the dimensions of the nucleus to F.
The shape of the energy surface is that of a saddle and the
contour about the saddle point (critical size nucleus) de-
termines the distribution in lamella thickness for a fixed
supercooling. This leads to an average value for the thick-
ness of the growing plate
-like crystal given by
F= (2cf
l
T
m
/H
v )
(1/AT + [( kTTm/ThHv ) ^/AT)] *. (3)
This equation shows the temperature dependence of lamella
thickness. These theories present some of the fundamental
4
thoughts of how long chain molecules form nuclei which per-
sist and grow to form regular crystals. These and other
authors have re-examined, refined and developed the basic
concepts so that theories exist to account for the many #
peculiarities inherent to the crystallization of polymers.
Frank and Tosi examined the nucleation rates of polymer
pleats obtained by summing the products of the ratios of
the backward to forward rates of deposition of layers of
folded molecular segments onto the side surface of a crystal
as a function of the segment length laid down on the crystal.
The results show there is a tendency to maintain original
segment length but the probability to change is high and
the direction of change depends on the thickness of the pre-
vious layer. Price 7 also analyzed the development of a polymer
single crystal in terms of the equilibrium statistical
structure of a linear chain of interacting nearest neighbor
elements. The equilibrium free energy of the chain is that
o
obtained from a Markoff process. This allows for any
fluctuations above a critical segment length in adjacent
segments. Since the chain is at equilibrium the average
fluctuation in stem length predicted by the theory is only
1 to 2 K which suggests very smooth surfaces for polymer
single crystals. Also predicted are the morphological pro-
files of single crystals in the region of the nucleus as a
5
function of undercooling. Lauritzen, DiMarzio and Passaglia 9 ' 10
have presented the most generalized theory of growth kinetics
of multi component chains using an ensemble approach and
rate constants independent of chain length. This method A
not only accounts for nearest neighbor interactions during
the process of attaching chain segments to a substrate but
also relates the ratio of forward to backward rate constants
(kinetics) to the energetics (free energy) of the system at
non-equilibrium conditions. Sanchez and DiMarzio 11 ' 12 ' 13 have
formulated a non-equilibrium kinetic theory of polymer
crystallization from dilute solution in which rate constants
are expressed as a function of the thermodynamic and composi-
tion properties of polymer chains. This theory can describe
the effects of molecular weight and solution concentration
on the growth rates of polymer single crystals. This is a
significant development in nucleation theory because previous
kinetic theories dealt with chains of infinite length. In
dealing with chains of finite length the problem of cilia
formation and their effect on growth rates can be evaluated.
Generally, nucleation theories concerned with bulk
polymers are quite similar to solution theories except dis-
solution temperatures are replaced by melting temperatures
and preexponential transport terms are added or accounted
for. At small undercoolings the bulk free energy change is
6the dominant factor and the temperature coefficient of
nucleation is negative while crystallization temperatures
near the glass transition require much energy to transport
material and so the process has a positive temperature
coefficient. Hoffman 1^ has accounted for this type of
temperature dependence in bulk polymers by incorporting a
relation for the activation energy of viscous flow developed
by Williams, Landel and Ferry15
. Sanchez 16 has suggested
approaching this problem by considering how the viscosity
of the surrounding medium affects a rate process and shows
this problem was answered by Kramers 1 ^ but not applied to
phase transformations. Kramers analysis accounts for har-
monic motions as well as the effective local viscosity which
may not be the same as the bulk viscosity
. This rigorous
approach to transport rates has a broad range of applicabi-
lity since it may also rationalize the difference in growth
rates of the same polymer in poor and good solvents 1 ^' 20
.
It is not surprising that the theoretical aspects of
polymer crystallization under stressed conditions are yet
in the early stages of development in view of the fact that
the complex process of quiescent crystallization has been
studied for only twenty years by a relatively small number
of workers
.
Prior to the establishment of the existence of chain
7folding in polymer crystals Treloar21 and Alfrey and Mark22
studied the enhancement in crystallization of crosslinked
polymers as a function of deformation. Flory23 has developed
an equilibrium crystallization theory which relates the
degree of crystallinity with the elongation and temperature.
The theory is based on the idea that polymer chains between
crosslinks are deformed from their most probable configura-
tions resulting in a loss of configurational entropy. Less
entropy means crystallinity may develop at higher temperatures
as the entropy is decreased during elongation. The degree of
crystallinity, X, as a function of the elongation a is given
by
. \ = {[3/2 - 0 (a)] / 1(3/2 - 9)]}* (4)
where (a) is a function of elongation and 0 is a function
of the heat of fusion. A relation between the orientation
of the chain molecules and the melting point of the crystal-
2kline phase is developed. Gaylord has extended Flory'
s
equilibrium theory by incorporating non-Gaussian chain
statistics and generalizing the end to end vector of the
deformed chain so it contains the crystal vector which
characterizes the crystallite. The latter consideration allows
for a folded chain morphology. An increase in the initial
rate of crystallization with extension is predicted while
the stress rise at fixed elongation decreases as the level
8of crosslinking increases. The theories, however, do not
obtain an explicit time
-dependent description of the entire
crystallization path, nor do they define any explicit
nucleation and growth rate terms for the isothermal stress-
induced crystallization of crosslinked polymers.
Andrews 25
,
in his study of crystalline morphology of
natural rubber under strain has suggested a nucleation rate
akin to that found in classical nucleation theory26 ' 27 for
polymers crystallized under strain. The nucleation rate can
be written as
N = g(T) exp (S
c
/R) (5)
where g is a function other than the standard transport term,
S
c
is the configurational entropy change due to strain and
R is the gas constant. The change in S toward more positive
values would allow for a rapid increase in nucleation rate.
Experiments showed nucleation density to be a function of
strain only and the growth rate of the needle-like crystals
depended more on temperature than strain.
Kobayashi and Nagasawa have extended some of these
ideas to a sheared uncrosslinked melt by associating the
change in birefringence from molecular orientation given by
29Kuhn and Grun y to the entropy of the melt state and incor-
porating this in Hoffman's-^ 0 theory of nucleation. The re-
lation between entropy and birefringence for polyethylene
is given by
S Q = -1.31 x 10
5 (x
2
Z/\ - 3) erg/deg.cm3 (6)
where the birefringence, n, is a function of the extension
X. The change in fold length, 1, of polymer chains in m
lamellar crystals nucleating under shear-strain is
1 = ^a QAh - TUh/Tm - S Q ) ( 7 )
where dQ is the interfacial free energy of the fold surface
and Ah is the heat of fusion. This predicts that the thick-
ness of the crystals will decrease in the presence of molecular
orientation at constant undercooling and that S
Q has more
effect on 1 than does the crystallization temperature. Con-
sidering nucleation rates the entropy of the system is
accounted for in the free energy of crystal formation. The
ratio of nucleation rates in a system having molecular
•
orientation NQ , to a quiescent system, N, for bundle-like
homogeneous nucleation is shown to be
NQ/N = exp[-8TTtf
2
C
e
/kT(l/Af
0
2
- l/Af
2
)] (8)
where f is the free energy required to form a nucleus from
oriented molecules. This formulation requires that the rate
of nucleation increases rapidly with molecular orientation.
The theory assumes the pre -exponential transport term is the
same for nucleation in the case with shear-strain. This may
not be the case because of the non-newtonian behavior of polymers
and segmental diffusion is probably different in an anisotropic
10
system. Also, changes in the microscopic morphology of the
crystals nucleated under shear-strain, such as cilia formation
and loop size, may affect the interfacial energetics of cry-
stal formation. Using the same reasoning, crystal growth
rates are also predicted to increase sharply with oriented
chains
.
31McHugh-^ has performed calculations to evaluate the
relative effects of extensional and shear flow on chain
elongation and nucleation rate enhancement for flow-induced
crystallization from solution. The computations are "based
on an elastic dumbell model developed by Peterlin-^ 2 . The
approach is to show how fluid mechanics and molecular weight
affect the chain extension. The change in free energy of the
elastic dumbell is related to the tensile force causing the
extension. The net force extending the molecule for both
extensional and shearing flow is the first normal stress
difference which is shown to be related to the free energy
h = ^i^Txx
-Tvv ) da/a (9>
change per unit mass of polymer by
Txx ~7yy
where c is the concentration and the first normal stress
. 33difference is^^
where \i is related to the mean square end to end distance of
a molecule, M is the molecular weight and (x
2} - ^y
2
,) is
11
related to the extension of the molecule along the direction
of motion. As a result of fluid mechanical forces the
partially extended chain in solution has a free energy,
between that of the random coil and the infinite fiber cry-
stal. This free energy is substituted in the rate expres-
sions developed by Flory3^ and Mandelkern35 for molecules
crystallizing from solution and is shown as
Nb
= Kb (*T/h)no exp [-Fp*AT] exp[-32^ s
2
a e
1AT(f X ) 2 ]
exp[l6cf
s
2 lnv
2A(f
1
)
2
] (H)
where K
fe
is a function of tie 1
, the interfacial free energy
of a bundle-like nucleus, and f 1 is the free energy change
given by
fl = f + f ! (12)
where f is the free energy change on going from random coil
to infinite fiber crystal and f« is the free energy change
on going from random coil to oriented chain. ti is the
s
lateral surface energy, h is Planck's constant, n
Q
is the
number of molecules per unit volume, v^ is the volume fraction
of polymer and F^* is the free energy associated with the
transport of molecules. Making the assumption that f is
the same for folded chain and bundle-like nuclei and that
pre -exponential terms and transport terms are similar or
can be neglected the ratio of nucleation rates for bundle-
like nuclei formed during flow to that for chain folded
12
nucleation with no extension is shown as
Nb/NQ = exp[ 32tfs
2
tf
e
/kT{l/f 2 - (f 1 ) 2 }] .
exp[l6c^
s
2lnv
2
/a(f 1 ) 2 ] (13)
Calculations show that once a critical elongation is reached
the nucleation ratio becomes extremely large due to the
large values of fy which turns out to be the controlling
factor. Shearing flows, however, are shown to be far less
effective than elongational flows in initiating fibrous
nuclei from solution. The author considers the theory in-
appropriate for explaining the effects of flow on growth
rates
.
CHAPTER II
Instrumentation
The parallel plate shearing device built by Price and
Ulrich36 was the basic instrument used in this research.
It was modified in several ways to be useful in studying
polymers with high viscosities and melt temperatures. The
instrument itself consists of a hollow brass block which
allows for liquid heat transfer to maintain temperature
control. Shearing is carried out in a well recessed in the
top surface of the block, Figure 2-1. Passing through the
bottom of the well is a viewing port which allows one to
observe crystallization. The shear rate at the viewing
port is controlled by changing the speed of a servo-
mechanism or adjusting the spacing between shearing plates,
Figure 2-2. For complete design details of the basic
shearing device, one is referred to Ulrich's thesis 36
,
while our modifications to the apparatus will be described
here
.
In order to maintain the shearing block at the crystal-
lization temperatures required in this work silicone fluid
was used in a Haake 14 liter constant temperature circulating
bath. Three additional 50 watt cartridge type heaters were
13
Fig. 2.1. Shearing block diagram.

15
Fig. 2.2. Shearing well device.

16
silver-soldered to the surfaces of the brass blook so that
the poly(l-butene) could be held at the desired melt tempera
ture in the shearing well. The high melt viscosity of poly
(1-butene) used in this work required that shear rates be
limited to a maximum of 12 sec." 1
. To achieve constant
shear rates ranging from 0.1 to 12 sec." 1 reduction-gear
ratios of 15:1 and 30:1 were used to drive the top glass
shearing plate. Certain experimental condition may cause
the top glass shearing plate to fracture during a shear
crystallization run. This problem was alleviated by con-
structing an aluminum shear plate with five circular glass
inserts through which crystallization could be monitored.
The entire device, consisting of the brass block,
heaters, power and reduction gears and constant speed
motor is mounted on a rigid stage for use in a Zeiss
Standard RA polarizing microscope. The weight of the en-
tire shearing device is countered for by locating a coil
spring beneath the constant speed motor on the microscope
stage. Circulating lines from the constant temperature
silicon oil bath are then attached to the ports on the
brass blocks. Crystallization may then be monitored using
various microscopic techniques. Both the shearing block
and fluid circulation lines were well insulated during the
course of an experiment. A schematic diagram of the system
17
is shown in Figure 2-3.
Measurement techniques used when the shearing device
was coupled with the polarizing microscope include still
photographs taken using a Zeiss focal plane 35mm camera
with a Zeiss Ukatron-6o Xenon-Arc flash as the light source,
time lapse photographs using a Robot 35mm camera with a
motorized back and timing mechanism, and multiple exposure
photography to capture particle motion by using the Xenon-
Arc lamp in a stroboscopic manner with a 35mm camera.
Strobe photography was accomplished by building a
power supply which would flash a Xenon-Arc lamp at a con-
stant predetermined rate. Our power supply was capable
of a flash rate ranging from 10 to 60 flashes per second.
Opening the camera shutter and simultaneously flashing the
strobe at a predetermined rate records the path of a
particle in a shear field as it moves across the field of
view. In this manner it is possible to study the motions
of polymer crystallites as they crystallize in a sheared
melt. Strobe photographs can be taken only when there are
a few particles in the shear field because the effect of
multiple exposure is to produce a negative with a large
number of particles.
Another useful instrumentation variation was to use a
photo-tube in place of the 35mm camera for the purpose of
18
Fig. 2.3- Schematic diagram of shear crystal-
lization system.
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measuring light intensity as it passed through the polymer
melt. This was accomplished by constructing a photo-circuit
using an RCA 929 photo -tube and measuring output voltage
on a Tektronix Oscilloscope. During the time the polymer #
melt is at rest between the crossed polarizers of the
microscope no appreciable light will pass through the analy-
zer because of the amorphous nature of the melt. Thus there
will be no output voltage from the photo-tube. When shearing
action is begun light will pass through the analyzer if
the stress level on the polymer is sufficient to align
polymer chains such that flow birefringence is encountered.-
In this case a certain output voltage will be recorded on
the oscilliscope
.
If the shear is stopped the light in-
tensity will decay as the polymer segments relax to their
random coil configurations. The decay in voltage from the
photo-tube is related to the molecular stress relaxation
process in the polymer melt.
CHAPTER III
Experimental
Material
The material chosen for study in this work was poly
(1-butene). Two lower molecular weight samples PB(130)
and PB(l65) were obtained from Mobil Corporation and the
higher molecular species, PB(O^OO) was obtained from Witco
Chemical Company.
Isotactic poly (1-butene) is a crystalline material
usually exhibiting a degree of crystallinity in the order
of kO to 50%. Crystallizing from the quiescent melt results
in the formation of spherulites of Modification II. This
form is characterized by a tetragonal unit cell with
a = 1^.85 R and c = 20.6 8. The chain configuration is a
helix with three turns in eleven monomer units yielding a
calculated crystal density of 0.90 g/cc and a melting tempera-
ture of /-»126°C. The crystals of modification II gradually
transform to a more dense rhombohedral unit cell referred
to as Form I. When standing at room temperature, this
crystal-crystal transformation may take from one day to a
week. Form I generally melts in a range of 130-138°C and
has an identity period a = 17-7 & and c = 6.5 A with a
20
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calculated density of 0.95 g/cc. This chain has a helical
structure with three monomer units per helix turn and the
chain bonds alternate between trans and gauche conformations 37
The Form II helix is less extended than the Form I helix. •
This will assist the conversion of Form II to Form I when
samples are subjected to deformation producing orientation.
Other crystal modifications of poly ( 1-butene) are known to
exist, but they are usually obtained in crystallization
from dilute solution and need not be considered here.
Molecular weights of the samples used were determined
using the Wescan High Speed Membrane Osmometer apparatus
and intrinsic viscosity methods. Decalin was used as the
solvent in both techniques. Weight average molecular weights
were supplied by the manufacturer. Molecular weight
determinations were made prior to and after shear. The re-
sults are listed in Table 1.
Although there are some changes in molecular weights
after the sample has been sheared these differences do not
exceed 7%. Samples were not used for more than three shear
experiments so as not to allow further degredation. These
slight changes however did not affect the reproducibility
of the crystallization experiments.
TABLE 1
Molecular Weight Data for Experimental Materials
Mn Mv Mw
PB(130)
Unsheared 35,200 111,800 130,000
PB (130
Sheared 3^,800 108,500
PB(l65)
Unsheared 60,300 1^2,800 165,000
PB(l65)
Sheared 58,000 132,200
PB-0^-00
, , „
Unsheared 105,638 383,000
PB-0^00 _
Sheared 100,800 36^,500
23
Rheological Characterizations
The generation of heat due to viscous dissipation can
cause significant deviations from isothermal conditions
across the shear field in viscometric instruments. Non-
isothermal behavior can influence the effects due to non-
Newtonian behavior and change the average crystallization
temperature of the material. For this work, values of shear
stress and viscosity as a function of shear rate at the various
temperatures of crystallization were measured using a
rheometrics mechanical spectrometer and are shown in figures
3-1 through 3.6. All samples exhibit non-Newtonian behavior.
Deviation from Newtonian behavior increases as molecular
weight increases. The results of the shear stress data show
that the materials can be put into the standard form for the
power law, T= Ky
n^ 8
^
. For the three experimental materials
PB(130), PB(l65) and PB(0400), the power law exponent n is
O.96, 0.92 and 0.8k respectively. An exponent of n = 1 signifi
a Newtonian material.
The viscosity vs shear rate data was used to account for
non-Newtonian behavior in the temperature analysis by sub-
stitution of measured values of the apparent viscosity into
equations which define a temperature profile.
Since the instrument is a parallel plate shearing device
the shear field is radially inhomogeneous . At the lowest
2k
*
Fig. 3.1. Viscosity as a function of shear
rate
and temperature for PB(13°)-

Fig. 3-2. Shear stress as a function of shear
rate and temperature for PB(130).
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Fig. 3- 3- Viscosity as a function of shear rate
and temperature for PB(lo5).
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Fig. 3.^. Shear stress as a function of she
rate and temperature for PB(l65).
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Fig. 3.5. Viscosity as a function of
shear rate
prrmfirature for PB(O^OO).and temperatur
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Fig. 3.6. Shear stress as a function of shear
rate and temperature for PB(O^OO).
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magnification used in this work, however, one actually
observes a small increment of this radius (1500^ in breadth)
and the shear rate varies by one percent across this distance.
It was also found that for the duration of the shear experi-
ment, identifiable particles did not show any appreciable
radial migration within the field of view. This was also
found to hold for a model system of suspended rods and discs
moving in a shear field which will be fully discussed in a
separate chapter. For this work we assume the shear field
to be homogeneous and approximates the system using the
geometry of an infinite parallel plate assembly with the lower
plate stationary and the upper plate moving at a predetermined
velocity. The shear rate, y, is then given by y = v/x where
v is the plate velocity and x is the plate separation.
Viscous heating effects were calculated according to the
method described by Turian^ 7 using the rheological models
of a power-law fluid and steady plane Couette flow. Two
types of boundry conditions were used. One case assumes
both plates are maintained at the same temperature (crystal-
lization temperature) and the second case assumes the lower
plate is isothermal and that the heat flux through the moving
plate is zero. In practice, the lower plate and walls of
the shearing well are isothermal while the upper plate is
insulated from the atmosphere. Temperature profiles were
calculated for the worst conditions encountered. That is the
31
lowest crystallization temperature and highest shear rate
studied for each molecular weight poly ( 1-butene ) . The
results are shown in Figures 3-7 through 3.8. As shown,
the temperature rise in certain cases may be significant
enough to affect results. For this reason, an attempt was
made to keep data collection limited to the lower half of
the shear field where effects due to viscous dissipation
are minimal
Sample Preparation and Run Pro cedure
rm
.
The experimental samples were obtained in pellet fo
To simplify insertion of the sample in the shearing well,
pellets were compression molded into sheets slightly thicker
than the actual plate separation. Discs of the appropriate
diameter could then be cut from the sheets and a hole
punched in the center. These washer-like samples were then
placed in the shearing well on the lower plate. The shearing
well is then covered with insulation and the cartridge heaters
are turned on allowing the sample to melt. Meanwhile the
constant temperature circulation bath is set at a temperature
necessary to maintain the desired isothermal crystallization
temperature
.
Fluid from this bath is allowed to circulate
up to but not through the shearing device proper.
After the polymer has melted and reached a temperature
Fie. 3 -7. Maximum calculated temperature rise due
to viscous dissipation forthe 3 poly ( 1-butene ) studied
assuming isothermal conditions.
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of 160°C the desired top shearing plate is placed over the
double threaded nut and brought in contact with the melt.
This is fastened securely to the drive shaft by screwing a
retaining nut over the double threaded nut so- the bottom •
of the top plate is brought into contact with the plate
spacer. There is no need to worry about trapping air in the
polymer melt since it has been removed during the compres-
sion molding process. The shearing device is then covered
with sufficient insulation so as not to be affected by
drafts and ambient fluctuations.
The polymer is allowed to remain at l6o°C for 15 minutes
to remove any predetermined nuclei. After this time the
constant speed shearing motor is turned on and set at the
desired speed (for shear crystallization). Concurrently the
melt heaters are turned off and cooling liquid allowed to
circulate through the shearing device. For the first three
minutes or so cold water is circulated through a cooling coil
in the isothermal bath to aid in removal of heat from the
shearing block. Time zero in the experiment is taken at
the point when cooling liquid is introduced into the shearing
block. Typical cooling rate curves for the various tempera-
tures of crystallization are shown in figure 3.9. Actual
data collection begins when nuclei are first observed in the
field of view (this depends to a certain extent on the
35
Fig. 3«9» Shearing block cooling rate curves for
various crystallization temperatures
.
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resolving power of the particular objective lens used) and
continues to the point where the number of particles become
so numerous that further collection is impractical or to
the point where the top glass plate may crack due to stress
or the drive motor reaches its maximum torque output and
throws an internal circuit breaker.
Photographic Measurements
The photographic method of recording crystallization
provides the greatest amount of information for use in ob-
taining quantitative measurements of nucleation and growth
kinetics and morphology although it is most tedious. Other
methods such as depolarized light intensity and parallel
polar transmission measurements proved to be of limited value
and only qualitative in nature as found by others^6
. There-
fore, these techniques were not used in this study.
Photomicroscopy is carried out using a Zeiss Standard
RA light microscope. The shearing apparatus is mounted in
place of the normal microscope stage between crossed polars.
The light sources used are a 15 watt lamp for quiescent
crystallization and a Zeiss Ukatron -60 high speed Xenon
arc flash for shear crystallization. This unit may be used
at a power setting of 30 to 60 watt seconds with a flash
duration of x 10 seconds at half intensity. The distance
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traversed by a particle in this time frame at the highest
shear rate used (12 sec' 1 ) is less than the resolution re-
quired. Most commonly used were Zeiss UD 6. 3x or UD l6x
long working distance objectives and 5x, 8x or lOx occulars.
A leitz 3-5x objective was used with a 5x occular in quies-
cent crystallization to provide the largest volume possible
for observation. It was necessary to use optical systems
with higher degrees of resolution as the molecular weight
and crystallization temperature of the shear crystallized
material increased. Once the proper optical system is
determined photographs are taken using a Zeiss 35mm focal
plane camera back mounted on a Zeiss photomicroscopic beam
splitter at various times during crystallization. Photo-
graphs are recorded on Kodak Panatomic X 32 ASA or TRI-X^OO
ASA black and white film. Depending on the developing pro-
cess used this can cover ASA values ranging from 32 to 1200,
suitable for most light intensity conditions encountered in
this work. These photomicrographs can then be analyzed by
viewing the negatives directly using an enlarging unit or
by processing the print and then analyzing for the number,
size and orientation of crystallites within the field of
view. Depth of field measurements were made by photographing
particles of known size using the various objectives used
and comparing these values with those supplied by the manufacturer.
Depending on the numerical aperature of the objective len/
depths of field varied from 200^ to lO^x
.
Scanning Electron Mip.ro^n
An Etec Autoscan scanning electron microscope was used
to examine the morphology of poly ( 1-butene ) crystallized '
under shear. Samples were removed from the shearing device
after quenching with liquid nitrogen and mounted on specimen
studs using silver conducting paint. These were then coated
with gold by evaporation to provide a conductive surface
for use in the scanning electron microscope (SEM) . Magni-
fications in the range of lOOOx to 17,000x were used.
Wide Angle X-ray
Wide angle x-ray studies, using a Phillips x-ray unit,
were carried out on samples quiescently and shear crystallized.
This was done primarily to determine into which particular
crystalline form the poly ( 1-butene ) speciments had prefer-
entially crystallized.
CHAPTER IV
Results
The intent of this undertaking was to investigate the
effeot of shear on the nuoleation prooess, crystal growth
rates, morphology and the overall transformation kinetics
of the crystallization prooess. Experiments yielding wide
angle x-ray diffraction behavior and stress increase as a
function of undercooling and shear rate were performed to
aid in interpretation of these data.
Nucleation
The photographic method was used to collect information
on the number, size and orientation of particles as a func-
tion of time. The nucleation data extracted from each
crystallization run was normalized to particles/cm 3
-sec and
plotted against time. The curves obtained for the molecular
weight samples of poly ( 1-butene ) used are shown in Figures
4.1 through 4.16 and include shear rates ranging from 0 to
_ i
12 sec at various crystallization temperatures. Each
nucleation experiment was performed at least three times and
a sample of the typical reproducibility of such experiments
is shown in Figure 4.17. From such a set of curves one
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Fig. Number of particles vs. time for
quiescent nucleation of PB(130) at three crystallization
temperatures
.

41
Fie;. 4.2. Number of particles vs. time for
quiescent nucleation of PB(l65) at three crystalli
zation temperatures
.

Fie. ^.3. Number of particles vs. time for
quiescent nucleation of PB(O^OO) at three crystalli-
zation temperatures.

^3
Fig. ^.*K Number of particles vs. time of PB(130)
for several shear rates at 95°C
.
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Fig. 4.5- Number of particles vs. time for PB(130)
at 95°C at 2 and 3 sec -1 .
Time mm
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Fig. k .6 . Number of particles vs. time at three
shear rates for PB(130) at 100°C.
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Fig. ^.7. Number of particles vs. time for four
shear rates for PB(130) at 100°C
.

Fig. ^.8. Number of particles vs. time for three
shear rates for PB(130) at 105°C.

Fig. *K9. Number of particles vs. time for PB(130)
for four shear rates at 105°C
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Fig. ^.10. Number of particles vs. time for PB(l65)
for five shear rates at lOO^C.
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Fig. 4-. 11. Number of particles vs. time for
PB(l65) for five shear rates at 102. 5°C.
5
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Fig. ^.12. Number of particles vs. time for
PB(165) for five shear rates at 105°C
.
/
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Fig. IK 13. Number of particles
vs. time for
PB(l65) for three shear rates at 105
C
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Fig. Number of particles vs^ time for
PB(O^OO) for three shear rates at 110.5 C.
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Fig. 4.15. Number of particles vs. time for
PB(0400) for three shear rates at 112.5 C.
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Fig. 4.16. Number of particles vs. time for
PB(0400) for three shear rates at 114 C
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Fig. ^.17. Typical reproducibility of nuclei vs.
time for shear crystallization. Shown are five
separate runs of nuclei vs. time for PB(l65) at
100°C and shear rate of .66 sec -1 .
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plot was chosen to reDrpqpnt kh,«ip ese nucleation under those particu-
lar conditions. The slight differences in induction period
among these curves representing nucleation are felt to he
due to the small differences in the time it takes to super-
cool each sample from above its melt temperature to the
temperature of crystallization. This does not seem to
affect the rate of appearance of nuclei as the curves are •
quite superimposable. An attempt was made to keep shear
rates and undercoolings the same for the three different
molecular weight species used, however, this was not possible
due to the extreme sensitivity of nucleation on the combined
parameters of shear, molecular weight and undercooling.
As can be seen from the nucleation curves, the tempera-
ture and shear rate range over which data could be collected
decreases as the molecular weight of poly (1-butene ) increases,
necessitating higher crystallization temperatures.
Nucleation rates of the three poly (1-butene ) species
studied were also obtained under quiescent conditions for
control purposes at the same crystallization temperatures
used in the shear experiments. In all cases under quiescent
conditions the appearance of nuclei always leveled off in
a time period much shorter than the time required for com-
plete transformation of the amorphous phase. This is
typical of heterogeneous or pseudohomogeneous nucleation
where undercoolings are low and there is a positive inter-
action between heterogeneties and the nucleating, crystal
phase. The portion of the curves in Figures fc.i through
4.3 where rate of appearance of nuclei is nearly constant
in time over a period of time, yv mime homogeneous nuclea-
tion. At times greater than ^ the number of growing
nuclei becomes constant with time, a condition not en-
countered in homogeneous nucleation26
.
The appearance of nuclei in time as a function of
shear rate and crystallization temperature for the three
molecular weight species of poly ( 1-butene ) are plotted in
Figures 4.4 through 4 .16. The interesting behavior common
to all sheared material studied is the non-linearity of the
nucleation rate. The rate of injection of nuclei appears
to be exponential in form with no sign of a leveling off
during the course of the experiment. In general, experi-
ments were carried to a degree of crystal transformation of
0.01%. Beyond this point data collection was unreliable
due to the difficulty of distinguishing separate crystal
entities. Ulrich J reports in his study on the crystalli-
zation of polyethylene oxide (carbowax 20M) under shear that
a linear function provided the best fit for nucleation rate
data. Polyethylene oxide, however, is known for its
relatively low nucleation density and its viscosity was one
to two orders of magnitude lower than the viscosity of the
poly(l-butene) used in this study. When Ulrich?6 blended
high moleoular weight (*) PE0 with the lower MW Carbowax
20M he noticed a greatly increased number of particles
occuring above a certain fraction of crystalline material
relative to the shear behavior of Carbowax 20M alone. He
attributed this to the higher shear stress in the system
due to the presence of a higher molecular weight species.
In the poly(l-butene) systems here, the number average
molecular weights are believed to be above the entanglement
molecular weight resulting in higher shear stresses and
non-Newtonian behavior.
Another striking feature in the shear cases is the
decrease in induction time with increasing rate of shear.
The induction time here is the time it takes for the first
nuclei to appear after shearing action has begun. The
results for the lowest crystallization temperature, 95°c,
are shown in Figures *K4 and 4.5 for PB(130). The induction
time for the lowest shear rate, 0.23 sec" 1 is approximately
the same as that for quiescent conditions at the same
temperature, however, as the shear rate increases nuclei
are seen to appear earlier in time but this effect seems to
saturate in time shortly after the shear rate becomes greater
than 1 sec
. Unfortunately, data could not be collected
6o
at shear rates above 1 qp." 1 >^ rt0Sec because nucleation could
not oe recorded accurately using present experimental methods
as inertial effects in the parallel plate system became
large enough to force the crystallizing material from
between the plates. *
Shear crystallization results at 100°c are shown in
Figures <K6 and * <7 and the saturation in time of the in-
duction period with shear rates greater than 1 sec" 1 is
more pronounced. it should be mentioned that the induction
time for the lowest shear rate is shorter than that for
quiescent nucleation at 100°c.
The results for the highest crystallization temperature
105°C are shown in Figures t.8 and k. 9 . At this temperature
the induction time for the lowest shear rate is reduced by
a factor of five when compared to the quiescent induction
period. Again there is a saturation effect of induction
times once one surpasses a shear rate of 1 sec" 1
. The
differences in induction times between shear and no-shear
conditions is most pronounced at the lower undercoolings.
At the higher shear rates viscous dissipation may become a
controlling factor by increasing the actual crystallization
temperature thus prolonging the induction period.
The nucleation curves showing the induction times for
PB(l65) as a function of shear rate and temperature are
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shown in Figures 4.10 through 4.12. The relatively small
increase in Mw and corresponding increase in viscosity pre-
clude shear crystallization studied at temperatures below
100°C due to aformentioned reasons. Results for the lowest
crystallization temperature are shown in Figure 4.10. Here
we see the lowest shear rate has an induction time approxi-
mately two-thirds of its quiescent counterpart. Presumably
some lower shear rate might match the induction period of
the quiescent case. Here also one observes a saturation
effect on induction period as shear rates surpass 1 sec -1 .
By comparison, one must double the shear rate (12 sec -1 ) at
the same temperature to obtain the same induction period for
the lower molecular weight PB(130). At the next crystal-
lization temperature, 102. 5°C, Figure 4.11, the induction
time is reduced by a factor of 4 at the lowest shear rate
compared to quiescent nucleation. Once one begins to shear
_ i
in the region of 1 sec and higher there is the usual
bunching of induction times. This slight increase in tempera-
ture increases the range of induction times two-fold.
The highest crystallization temperature for this sample
is 105^C and nucleation results are shown in Figures 4.12
and 4.13. The induction time of the lowest shear rate is
shortened by a factor of 9 with respect to the quiescent
induction period. There appears to be a trend toward satura-
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tion at higher shear rates even though the range of induction
times is increased thrice compared to shear crystallization
at 100°C. An interesting observation is made when one com-
pares the range of induction times at the crystallizations
temperatures of 100°C and 105°C for the two molecular weight
species PB(130) and PB(l6 5 ). Both poly ( 1-butene ) species
incur a decrease in their range of induction times by a factor
of 3 over the same shear rate range, in going from the higher
to lower crystallization temperature.
The nucleation-time curves for PB(0400) are shown in
Figures 4.14 through 4.16. Due to the high molecular weight
of this material it was necessary to carry out the shear
experiments at higher crystallization temperatures and a
lower and narrower shear rate range
. Results for shear
nucleation at 110. 5°C are shown in Figure 4.14. There ap-
pears to be no trend to induction time saturation in this
case, however, it is hard to infer a trend since only 3
shear rates are experimentally accessible in this series.
One might well state that saturation has already occured
since the induction time at the lowest shear rate has been
reduced by a factor of 13 when compared to quiescent nuclea-
tion. At the highest shear rate the induction period is only
12 minutes thus leaving little room for decreasing induction
time with increased shear rate.
6 3
Results for shear crystallization at 112. 5°C are shown
in Figure 15
.
In this ease there is a sharp deorease in
induction time after one surpasses a shear rate of 0.2 sec -1
and since the induction period for the highest shear rate #
is only 29 minutes, induction periods should be closer to-
gether upon increasing shear rates.
Results of the final and highest crystallization tempera-
ture, Hi* C, used in this study are recorded in Figure k.l6.
A trend toward induction time saturation may be inferred
since the induction period for the two highest shear rates
are relatively close to each other and are approximately four
times shorter than the induction period for the lowest shear
rate. As in the lower molecular weight samples the induction
period for the lowest shear rate and highest crystallization
temperature is reduced by the greatest factor, fifteen-fold
in this case, although at the lower crystallization tempera-
ture and shear rate this factor is twelve. So it seems the
role of temperature on induction period when combined with
shear is not as dominating as the higher molecular weights
and lower undercoolings. It should be mentioned, however,
that nucleation data at the lowest undercoolings is least
reliable due to difficulty in maintaining constant temperature
control over the four-day induction period and the extremely
low nucleation density when crystallization begins.
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Although there appears to be a saturation in time of
the induction period as shear rate increases there does not
appear to be a saturation in rate of appearance of nuclei
with time as the rate of shear increases. As can be seen
from the plots the steepness of the curves increases with
shear rate and the overall time to reach a certain fraction
of crystallinity decreases with increasing shear rate, at
least over the temperature and shear rate range studied.
When comparing results of one shear rate with another or
the same shear rates at different temperatures or molecular
weights one must keep in mind that there is a temperature
gradient across the sample prior to and during crystallization.
As shear rate and viscosity increase this temperature gradient
becomes more prominent.
Growth Rates
Radial growth as a function of time is shown for
quiescent and shear conditions at different temperatures in
Figures 4.18 through 4.2?. In all cases, the radial growth
measured is that of a semi -major axis, G-. The initial mor-
phology of crystallites in the quiescent or sheared melt, is
rod-like. In the quiescent case growth rates of the semi-
major and semi -minor axis of the spherulite are essentially
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Fig. 4.18. Radius vs. time during quiescent
growth of PB(130) at 3 temperatures.

Fig. *K19. Radius vs. time for PB(130) for three
shear rates at 95°C
.
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Fig. J+.20. Radius vs. time for PB(130) for three
shear rates at 100°C.
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Fig. ^.21. Radius vs. time for PB(130) for four
shear rates at 105 C.
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Fig. k.22. Radius vs. time during quiescentgrowth of PB(165) at five temperatures

Fig. ^.23. Radius vs. time for PB(l65) at two
shear rates at 100°C and 102. 5°C
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Fig. ^.24. Radius vs. time for PB(l65) for 3
shear rates at 105°C.
i i
1
1
1 Q
o 10 o 10
oj — —
suojojw 'sniavu
72
Fig. ^.25. Radius vs. time during quiescent
growth for PB(O^OO) at three temperatures.
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Fig. *K26. Radius vs. time for PB(O^OO) for
three shear rates at 110. 5°C and 112. 5°C.

Fig. *K27. Radius vs. time for PB(O^OO) for two
shear rates at 111+°C.
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equal, thus only the results for the semi
-major axis are
presented. Quiescent growth rate values are similar to
those published in the literature^ 1
. As for the shear cases,
the crystallite morphology seldom has an opportunity to
develop past that of the rod because the exponential increase
in nucleation density compared to the linear growth rate
does not allow time for the development of spherical entities.
In the shear experiments growth rates were measured by
averaging the sizes of at least 10 of the largest crystallites
in a time frame. At the higher shear rates used it was not
possible to obtain growth results because the short experi-
mental times did not allow growth to proceed long enough to
collect reliable data.
The feature common to all species and temperatures
studied is the result that for a given temperature and
molecular weight growth rates are approximately the same for
both quiescent and shear crystallization. The differences
are felt to be due more to experimental difficulties, such
as, dimension measurements may not necessarily be those of
the full projection of the axis of a prolate ellipsoid since
there is a distribution of particle orientations and sub-
jective measurements made on particles which may be slightly
out of focus, rather than real growth rate differences. The
most reliable growth rate data is felt to be that obtained
on the lowest molecular weight material PB(130) because of
its relatively low nucleation density, faster growth rates
and longer crystallization times as shown in Figures 4.18
"through 4-. 21.
A simple experiment was performed on PB(O^OO) material
to see if the growth rate data oolleoted under shear condi-
tions was erroneous. This involved crystallizing the
material under shear conditions at 112. 5°C to a point where
there were still relatively few particles in the field and
then stopping the shearing action and allowing the material
to complete crystallization under quiescent conditions. If
the growth rate data collected during shear crystallization
was similar to that during quiescent growth then data under
both conditions should fall on the same line. This is indeed
what happens and the result is shown in Figure fr.28. Another
interesting observation made in this experiment was that
nucleation subsided when shearing was discontinued. These data
can be analyzed in light of present growth rate theory to
yield information concerning surface free energies of
crystallization by chain folding and will be discussed later.
Ulrich36 has used the Avrami^ 3 analysis of crystalliza-
tion under shear to predict growth rate values under shear
conditions and found that the growth rate should increase
with increasing shear rate. The increases were not large and
Fig. *K28. Radius vs. time for PB(O^OO) during
and after shear at 112. 5°C
to ro oj
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may only reflect the errors in the Avrami constant K, which
is obtained by extrapolation. Others^ 5 have attempted
to postulate theories which predict growth rates under shear
or stress conditions. These theories predict the ratio
of growth under shear to quiescent growth to increase
exponentially with increasing stress. Growth rates are
tabulated in Table II.
Stress Measurements
It was found during the course of this work that stress
measurements of crystallization at constant shear rate would
provide useful quantitative and qualitative information
about this process. Since the parallel plate rotary shearing
device was not able to provide accurate stress data these
experiments were performed using the Rheometrics cone and
plate mechanical spectometer. Data was collected, for one
crystallization temperature at several shear rates for each
molecular weight species and the results are shown in Figures
^.29 through k.32. Temperature control on the Rheometrics
was limited to +0.5°C and an attempt was made to cool the
samples from above T to T in the same amount of time as
m c
required for the parallel plate device. In general, the in-
duction period for the shear stress measurements coincide
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TABLE 2
Material Crystallization Shear Rate Growth Rate
Temp.,°C sec" 1 G . CTn /RfiP ,
PB(130) 95. 0. ixioi
0.23 1 x 10"^
0.46 0.94 x 10 J
0.9 0.92 x 10 3
100- 0. 2.3 x loi
0.23 2.7 x 10 "S
0.66 2.5 x 10"?
1.0 2.3 x 10"°
105. 0. 2.8 x 10"?
0.23 3-1 x 10'
i
0-5 3.3 x 10"^
1.0 3.3 x 10J
2.2 ^.1 x 10 '
PB(l65) 100. 0. 1.4 x 10"
{
0.23 1.7 x 10"-
O.65 1.6 x 10"-
102.5 0. 5.9 x 10"/
0.23 5-8 x 10"5
0.5 6.0 x 10
105. 0. 1.4 x 10"/
0.23 1.8 x 10
J
. 0.5 1.9 x 10
0.6 2.1 x 10
PB(0400) 110.5 0. 3.4 x 10"/
0.1 3.3 x loj
0.23 3.4 x 10 J
0.46 3.0 x 10
112.5 0. 5-8 x lO'l
0.1 5.9 x 10^
0.23 5-8 x 10,
0.46 7-5 x 10
114. 0. 1 x 10";
0.1 3.3 x 10 I
0.23 2.9 x 10 '
Fig. ^.29. Shear stress vs. time for PB(130)
three shear rates during crystallization at
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Fig. ^.30. Shear stress vs. time for PB(13g)
for two shear rates during crystallization at 95 C.
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Fig. ^.31. Shear stress vs. time for PB(l65) for
five shear rates during crystallization at 100 C
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Fig. *K32. Shear stress vs. time for PB(O^OO)
for three shear rates during crystallization at 110.
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reasonably well with those determined in the nucleation
experiments. The saturation in time of induction period is
also evident from these plots. It is also seen that the shear
stress at a given temperature increases more rapidly as shear
rate increases. The highest molecular weight, poly (1-butene )
,
used shows a decrease in shear stress, Figure 4.32, soon
after the shearing has begun which levels off in time and
then increases again as crystallization begins. The initial
reduction in shear stress is believed to be manifestation
of shear thinning phenomena combined with temperature increases
due to viscous dissipation.
Plots of viscosity versus time for these crystallization
experiments are shown in Figures 4
. 33 through 4. 35. The
sharp increase in viscosity (and stress) can be accounted
for by considering the system to be a suspension consisting
of rods dispersed in a viscous medium. The growing crystal-
line rods are intimately connected with the flowing melt,
perhaps forming a network-like structure throughout the melt.
Calculations which predict the Newtonian viscosity for sus-
pensions based on hydrodynamic theories have been done and are
compared to experimental results. These will be discussed
later in the text.
Fig. ^.33- Viscosity vs. time for PB(13g)
five shear rates during crystallization at 95 C
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Fig. ^+.3^. Viscosity vs. time for PB(l65^ for
five shear rates during crystallization at 100 C.
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Fig. ^.35- Viscosity vs. time for PB(O^OO) for
three shear rates during crystallization at 110. 5°C.
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Kinetics
The results on crystallization kinetics are based upon
data obtained from nucleation and growth experiments using
the photographic method described previously. Several as-
sumptions are involved in calculating the fraction of
material transformed from the amorphous to crystalline phase
and these are listed below. The entire volume of the crystal-
line entity is taken to be as fully transformed to crystalline
material. This is not true in polymeric systems and wide
angle x-ray measurements made in this study show that poly
(1-butene) is approximately 50 percent crystalline in its
fully transformed Form II state. It is also assumed that
the dimensions measured for each crystallite are the full
projections of the axis of a prolate ellipsoid. This is
not necessarily the case since there is a distribution of
particle orientations which depend on shear rate and vis-
cosity .
Knowing the volume of the field of view and the total
volume of crystallizing particles based on the above assump-
tions, data can be extracted and used in an Avrami^'^
type kinetic treatment.
Data is expressed as In In I/O versus lnt using the
Avrami equation where 9 is the volume fraction of transformed
89.
material at time t. This will yield a straight line of
slope n and intercept K. A typioal plot of this data for
PB(16 5 ) material crystallized at 100°C with a steady shear
of 0.23 sec" 1 is shown in Figure Here the degree of #
crystallinity is plotted as a function of time along with
its associated Avrami plot. A linear regression analysis
was used to determine the line that best fits these points.
For this particular case, the value of n is 6.0 and K is
— 1
3
^.6 x 10
.
The computed correlation coefficient which
measures the degree of fit of the given points to this least-
squares straight line is 0
.
96
. If the correlation coefficient
fell below 0.95 in this analysis the data was rejected.
The Avrami parameters for the three different molecular
weight species of poly ( 1-butene ) used are listed in Table 3.
The values of n obtained for quiescent crystallization agree
well with reported values^ 1
. The general trend is for n
to increase as the shear rate increases for all temperature
and molecular weights studied. These results are in general
agreement with those reported by Fritzsche and Sherwood .
Their work was generally carried out in a higher range of
— 1 1
shear rates (1.^ sec to 168 sec ) using less viscous
materials. Ulrichr
,
however, found a slight decrease in
the n values with increasing shear. The nucleation density
in his experiments with Carbowax 20M were not affected as
90
Fig. ^.36. Typical plots of Avrami analysis.
Shown is In In 1/0 vs lnt and % crystallinity vs . time
for PB(l65) crystallized at 100°C at .23 sec .
TIME, Min
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TABLE 3
Avrami Analysis
PB(1 3°) PB(16 5 )
Temp Shear Rate n K Temp. Shear Rate n K
-2 sec^ o c j
95
°'
00 3-7 100 o 00 ? ?
'fl
6
- 35 "26 ^8 .*23 5*0
-2S 77
i.IS iss
1
: fi: ^°
-21.40
^• uu o.tS5
-26.62 6.00 ^0 IP en
3-00 8.80 -25-^0 102.S o 00 3 7
5
°:S? -1 : -«.»
• 66 4.99 -25.62 51 l|^2°
9.00 12.48 -36.14
.23 i % 7 ,
u -
"-oo 11-^3 -30.63
.46 {:J jjiil10 *
°- 00 3-70 6< ? 9 ii c\%
.23
J.
89 -31.82 3.U H -.\\fa
6.00 12.47 -50.02
9.00 20.20
-76.50
12.00 12.48 -47.94
PB(0400)
Temp Shear Rate n K
°C sec" 1
110.5
112.5
114.0
.0 3.8
.115 7.6 -36 .40
.23 8.7 -43.40
.46 1.4
-13.10
.0 4.0
.115 4.5 -30.40
.23 6.3 -37.60
.46 4.1 -23.60
.0 3.5
•115 10.0 -68.60
.23 5.1 -32.50
.•^6 13.6 -69.40
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much by shear compared to the results found in this study.
The values of the rate constant, K, determined from the
linear regression analysis show an overall trend to decrease
in value as shear rate increases following the same pattern
reported by Fritzche^ 8 and Sherwood^ 9
. The Avrami rat
constant K can be expressed in terms containing nucleatio
and growth rates assumed to be constant along with paramete
expressing particle geometry. The results found here sh
that nucleation rates under shear are not constant with time.
This fact may lead to erroneous results when the Avrami
treatment is applied. Another factor to consider is viscous
dissipation which may become increasingly important during
the later stages of shear crystallization further affecting
nucleation and growth which is not accounted for in the
Avrami analysis. Because of these factors inherent to shear
crystallization, classical Avrami theory is not very useful
in interpreting shear crystallization isotherms.
Morphology
This section describes the resulting morphology of
sheared poly ( 1-butene ) systems. It is satisfying after
analyzing physical data and meaningful in data interpreta-
tion to be able to visually examine the structure and form
93
of sheared samples. One must remember however that when
using microscopic techniques the method itself can produce
artifacts
.
Figure 4.37a shows the preferred orientation of the rod
like crystallites of PB(l65) when viewed between crossed
polars as they move across the field of view essentially
perpendicular to the shear direction
. This behavior is
common over the range of temperatures and shear rates
studied for all specimens. As the crystallization proceeds
these rod-like entities will develop into spherulite-like
structures as seen in Figure 4.37b, providing nucleation
densities are low and growth rates are relatively high.
Quiescent conditions produce an initial rod-like
morphology also, but their orientation is random throughout
the melt. These eventually develop into the well known
birefringent spherulitic structure^ 0 which exhibits a
maltese cross pattern when observed in a polarizing micro-
scope, Figure 4. 38. A scanning electron photomicrograph of
a quiescently grown spherulite of PB(130) is shown in Figure
4.39 which illustrates its three-dimensional nature.
Crystallite break up as a result of shear stresses
during crystallization was not directly observed in this
work. This is contrary to that reported by Ulrich who
observed that the crystalline aggregates of Carbowax 20M
Fig. 4.37a. Photomicrograph showing orientation
of crystallites between crossed polars during shear
crystallization
.
Fig. 4.37b. Photomicrograph showing development
of crystallites during shear crystallization viewed
between crossed polars.

Fig. ^.38. Photomicrograph of spherulites
formed during quiescent crystallization of PB(130)
viewed between crossed polars.

Fig. 1+.39- Scanning electron micrograph
quiescently grown spherulite of PB(130).

97
appear to break up under shear. This can be explained by
the higher molecular weight and modulus of poly ( 1-butene
)
51
' ^
.
There is evidence, however, that the crystallites are drawn
into fibers during the later parts of the crystallization
process
.
Scanning Electron Microhm
This technique was used to study fracture surfaces of
shear crystallized poly ( 1-butene ) samples. In these cases,
crystallization was allowed to proceed until the constant
speed motor could no longer drive the top plate of the
parallel plate rotary shearing device because of high sample
viscosity. At this point the sample was quenched with liquid
nitrogen and removed from the apparatus. Removal of the
top plate while the sample was in a glossy state usually
caused fracture to occur in planes parallel to the shearing
motion. These surfaces were then shadowed with gold for
examination in the SEM( scanning electron microscope).
Figure ^ .^0 is a photomicrograph of the surface of PB(130)
melt crystallized at 12 sec and 105°C. In this case,
shearing was stopped before crystallization was complete so
that the morphology could be examined before shear stresses
became high enough to deform the crystallites. One can
Fig. k.kQ. Scanning electron micrograph o£ the
surface of PB(130) melt crystallized at 12 sec and
105°C.
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clearly see a row of rod-like crystalline entities having
typical lamellar spherulite morphology all truncated by
impingement on a line perpendicular to the shear direction.
If crystallization under shear is allowed to progress as
far as capable with this instrument one observes the morphology
of PBU30) shown in Figure for a shear rate of 0.66
sec" at 100°C, magnification 2300x. The morphology has
become fiber-like and it appears that the small spherulite-
like structures in the field are being deformed and drawn
into fibers. Figure 4.^2 shows the central portion of
Figure k Al at a magnification of 8000x giving a clearer
view of the deformed crystallites. Another interesting
morphological development in samples which have seen high
shear stresses near the end of the shear experiment is the
appearance of a row nucleated type of morphology similar
to the dilute solution stirred shish-kebab morphology found
by Pennings 53 ' 5^ and others 55,56
. The SEM micrograph shown
in Figure ^.^3 taken at a magnification of 12,000x clearly
shows the fiber-like backbone with lamella-like appendages
perpendicular to the backbone and shear direction in a sample
of PB(130) crystallized at 0.66 sec -1 at 100°C. Figure ^.^4
shows a different area of the same material at a magnifica-
tion of 6000x. This figure shows the coexistance of two
types of morphology existing in the same system for PB(130)
100
Fig. kAl. Scanning electron micrograph of
PB(130) shear crystallized at 0.66 sec" 1 and 100°C.
010.0 u i 1
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Fig. ^ A2 . Scanning electron micrograph
showing the deformation of crystallites of PB(130)
shear crystallized at .66 sec -1 and 100°C.
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Fig. ^.^3. Scanning electron micrograph showing
row-like nucleated morphology of PB(130) crystallized
at .66 sec" 1 and 100°C
.
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Fig. 4-.^4. Scanning electron micrograph showing
row-like nucleated morphology and spherulite morphology
of shear crystallized PB(13°)-
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melt crystallized at 10 sec" 1 and 100°c. This SEM micro-
graph was taken at a magnification of 15,000x of a fracture
surface in a plane parallel to the flow direction. The row-
nucleated morphology57 ' 58 is seen in the left portion of the
micrograph while individual spherulitic structures are seen
to the right. It is possible that these individual spheru-
litic structures were formed after the shearing action had
ceased and the material quenched and removed from the
apparatus, however, since their major axis is oriented per-
pendicular to the shear direction it seems likely they were
nucleated during shear crystallization.
Attention will now be focused on the morphology of the
highest molecular weight species studied under shear, PB(0400).
This material exhibits the same row-nucleated or shish-
kebab morphology but to a much higher degree when allowed
to crystallize as far as practical on the shearing device.
Figure 4.45 shows a typical row structure with a central
fiber core and lamella overgrowths at a magnification of
4000x on a fracture surface melt crystallized at 0.1 sec""''
and 110. 5°C. More of this morphology is seen in Figure 4.46
for the same sample and magnification, only this particular
area exhibits a dense but fine fiber-like structure running
parallel to the shear direction with the overgrowth structure
perpendicular to the fibers. It may be possible that some of
105
Fig. ^.^5. Scanning electron micrograph of
typical row- like nucleated morphology of PB(0^00)
crystallized at 0.1 sec" 1 and 110. 5°C.
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Fig. k
.
Scanning electron micrograph of fine
fiber-like morphology of PB(O^OO) crystallized at 0 .
1
sec" 1 and 110. 5°C.
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these fiberous morphology is a resultant of drawing some of
the perpendicular overgrowths into fine fibers. Figure 4
.4?
shows a fracture surface of the same material which has
been shear crystallized at 0.46 sec" 1 and 110. 5°c. These
micrographs were taken at a magnification of 17,000x. it
appears that the higher shear rate leads to a finer and more
abundant row nucleated morphology. The average size of
the overgrowths at this shear rate is on the order of one
micron whereas at a shear rate of 0
. 1 sec
-1
the average
dimensions of the row nucleated overgrowths appears to be
approximately 10 microns.
Wide Angle X-ray Diffraction
Intensity count versus 29 and photographs of wide
angle x-ray powder patterns are shown in Figures 4.48
through 4.50. The circular polymer films were mounted with
their shear direction normal to the incident x-ray beam
photograph. Figures 4.48 and 4.49 are of a sample of
PB(130) crystallized quiescently at 100°C for four days.
The pattern in the photograph is radially symmetric. The
intensity pattern for this same sample shows the existance
of both Form I and Form II crystal structures. This is due
to the long crystallization time required for samples at low
108
Fig. k A?
. Scanning electron micrograph of
fracturesurface of PB(0400) shear crystallized at
0.46 sec 1 and 110. 5°C showing row-like nucleated
morphology
.
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Fig. kA8. X-ray intensity count vs. 29 of PB(130)
quiescently crystallized at 100°C for 96 hours. Also^
shown is the amorphous background.
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Fig. ^.^9. Wide angle x-ray powder patterns for
PB(130) quiescently crystallized at 100°C for 96 hours.
Fig. ^.50. Wide angle x-ray powder patterns for
PB(130) shear crystallized at .66 sec -1 and 100°C.
4.4- <?
4.50
Ill
undercoolings which allows the initial crystal growth to
transform to the more stable rhombohedral form while newly
transformed material is still in the tetragonal state.
Figure ^.50 is of a PB(130) sample crystallized at
100°C and a shear rate of 0.66 sec" 1
. This sample exhibits
a certain amount of spherulite deformation (lamella orienta-
tion), between 25% and 50% extension, as evident from the
arcs in the Debye-Sherrer ring.
The intensity versus 29 plot as a function of azimuthal
angle for a sample of PB(130) melt crystallized at 100°C
under steady shear of 9 sec for 10 minutes is shown in Figures
4.51a-d. As the sample rotates about the incident beam from
0° to 90° the intensity of the 200 plane (9 = 11. 5°) de-
creases in intensity while the intensity of the 220 (9 =
16. k°) and 213 (9 = 18°) remain relatively constant. This
indicates that the 200 plane is aligned more in the shear
direction while the 220 and 213 planes are still randomly
oriented relative to this direction.
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Fig. ^.51a. X-ray intensity vs. 29 at azmithual
angle = 0° for PB(130) crystallized at 9 sec -1 for 10
minutes at 100°C

vis k 5113. X-ray intensity vs. 28 at
azmithual
angle for PB(130) crystallized at 9
sec for
10 minutes at 100 C.
03S/ siNnoo
Fig. *K51c. X-ray intensity vs. 29 at azmithual
angle = 60° for PB(130) crystallized at 9 sec 1 for 10
minutes at 100°C.
D3S / SINOOO
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Fig- jf-51d. X-ray intensity vs. 29 at azmithual
angle = 90 u for PB(130) crystallized at 9 sec" 1 for 10
minutes at 100°C.

CHAPTER V
Discussion and Conclusion
Nucleation and Growth Analysis
The expression most widely used to describe the rate
of polymer nucleation is that given by Fisher and Turnbull 3
.
In a strict sense, however, their nucleation theory was
derived with low molecular weight substances in mind and is
an application of Eyring rate theory59
. The rate of forma-
tion of critical size nuclei, I , in a single phase system
during the process of transforming from mother phase to
daughter phase is given by
, _ nkT -4f
-aF*
where n is the initial number of atoms in the system, k is
Boltzman's constant, h is Planck's constant and T is the
temperature. Af* is the free energy of activation for trans
port across the daughter-mother phase interface and is
related to self
-diffusion of an atom or small molecule
which does not affect other atoms. In a polymer, however,
we are concerned not only with one segment moving but the
whole chain behind it. This transport term is relatively
insensitive to temperature except in the region close to
116
117
Tg where it becomes temperature dependent should nucleation
he appreciable there. F* is the free energy of formation of
a critioal size nucleus, is strongly temperature dependent,
and generally contains terms involving surface and volume
free energies and geometric factors. This is the term which
has received most attention in the literature 60 - 61 whi ie
the problem of transport has only recently been addressed.
Three dimensional homogeneous nucleation in polymers
has been frequently described using the conventional expres-
sion;
I = I Q expC-uVRCT-Tj] x
exp[ -2 Cd 2d
e
( Tm° )
2/
(
Ahf )
2
(AT )
2
f2kT] ( 15
)
The term exp[-U*/R(T- Too )] was proposed by Hoffman and Weeks60
to account for the temperature dependence of the segmental
jump rate of the polymer molecule in the supercooled melt
and is obtained from a treatment of macroscopic viscosity
by Fox, Gratch and Loeshak62 and the empirical viscosity re-
lation of Williams, Landel and Ferry 1 ^. Here u* can be
thought of as an activation energy for segmental motion and
local ordering in the bulk melt and is a hypothetical
temperature where all motion associated with viscous flow
6 0
ceases
.
In the exponential term describing the free
energy of formation, C, is a numerical factor depending on
the shape of the cross-section of the nucleus ,0 is the lateral
118
surface interfacial free energy, a
&
is the fold surface
interfacial free energy, Tm° is the melting point of the
crystal of infinite length 1, hf is the heat of fusion per
unit volume of crystal, T is the degree of undercooling
and f is a correction term to account for the temperature
dependence of hf .
Most commonly, however, nucleation of a heterogeneous
nature is encountered in polymer crystallization studies.
Nucleation of the coherent type can be described by the
£>C)following equation :
I = I Q expC-uVRCT-Too)] x expL-^bddgTmAh^fkT] (16)
This is the case which describes coherent nucleation where
all three dimensions of the embryo can vary. The terms
here have the same meaning as in homogeneous nucleation and
b is the cross-sectional area of the polymer chain. The
difference between these equations lies in the temperature
dependence of AF*. The Gibbs 63 free energy of formation of
the crystal in homogeneous nucleation has an inverse square
dependence on T while for the heterogeneous case AF* yields
an inverse first power dependence on the undercooling. This
is brought about by the idea that heterogeneous nucleation
has less surface area in contact with the melt which results
in different interfacial energetics depending upon the
restrictions imposed on the system. At a given temperature
119
heterogeneous nucleation requires a smaller oritloal free
energy of formation and thus will be more significant
at smaller undercoolings than homogeneous nucleation. A
Plot of inl . UVR(T-TJ against or Md
yield a straight line, depending on the mode of nucteaticn,
from which o 2 O
e
or 0d
e
values may be extracted. Several
authors
'
have found that either equation will describe
their data while others find the fit may be better for one
form than the other.
In this work it was found that equation 16 yielded the
best fit for the quiescent nucleation rate data. This
is not surprising since the data are typical of pseudo-homo-
geneous nucleation behavior. Figures 5-1 through 5.3 show
plots of log10 I + UV2.3RCT-TJ vs l/TATf for the three
molecular weight species of poly ( 1-butene ) studied. The
slope of this line for quiescent conditions is then equal
to ^bob
e
Tm/kAh
f . Knowing or assuming values for b, Tm, k
and hf , e may be determined. The parameters and results
of this analysis are shown in Table 4. The value for b is
the calculated thickness of a monomolecular layer on the
66100 growth plane
. The lateral surface free energy, 0, was
calculated from the empirical relationship67
o/0h
f
(ab)2 = ct
where ab is the cross -sectional area of the polymer chain
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TABLE 4
Heterogeneous Nucleation Chain Fold Parametersfor Poly(l-butene)
A hf (erg/cm^)
PB-I30 PB-165 PB-0400
9.6 x 10 8 9.6 x 10 8 9.6 x 10
a (cm) 7.^5 x 10" 8 7.^5 x 10~ 8 7.45 x 10
b(cm) 7.^5 x 10" 8 7.^5 x 10~ 8 7.45 x 10
fl4e
(erg
i
/cm ) 133 127 106
a(erg/cm ) 7 7 7
2
Ae ( erg/cm ) 19 18 15
Tm°(°K) 401 401 401
-8
-8
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Fig. 5.1. Log nucleation rate as a function
of inverse temperature for PB(130) under quiescent
and shear conditions.
CM r-' CN
(X-Jjy rc/.O I ,l 6o,
122
Fig. 5-2. Log nucleation rate as a function of
inverse temperature for PB(l65) under quiescent and
shear conditions
.
i 1 r
10 II 12
l/TATf X I05
123
Fig- 5* 3- Log nuclea-tion rate as a function of
inverse temperature for PB( O^J-OO) under quiescent and
shear conditions.
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and a m 0.1 for the lateral surface free energy of a chain
polymer crystal. If one assumes that the nucleation process
is homogeneous and performs a similar analysis using equa-
tion 14, the values obtained for d2 d are on order of A
3 6
10 erg /cm which is absurdly low. In the analysis for hetero
geneous nucleation some of the simplifying assumptions made
concerning the process of critical embryo formation are; the
interfacial energy between the surface and crystal face which
wets the surface is equal to 0, while the interfacial energy
between the surface and melt will be considered equal to
d, the lateral surface energy. These conditions for coherency
are reasonable since heterogeneous nucleation implies a
positive interaction between nucleating crystal and surface
allowing this form of nucleation to dominate over homo-
geneous nucleation at the lower undercoolings. If the value
for a is correct then fold surface energy for poly ( 1-butene
)
2is of the order of 20 erg/cm
. This value compares well with
values obtained from growth rate studies in this work and
41
elsewhere
Although this value for a is low compared to polyethy-
lene it compares favorably with polymers that have a similar
structure, i.e. polymers with relatively large sidegroups
and or polymers with a helical conformation^ 8 '^ ' ^°
. Little
p
work has been done in estimating 0 0 or 00 from homogeneous& e e to
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or heterogeneous nucleation experiments in polymers aside
from polyethylene. Comparisons must be made with polymers
where
^ values have been obtained from growth rate data.
This will be discussed further in the section dealing with
crystal growth. Attention is now turned to analysis of
nucleation under shear.
The shear-nucleation data clearly show that the rate of
appearance of nuclei is changing with time for the tempera-
tures and shear rates studied. Nucleation rate analysis ac-
cording to equations 14 or 15 require the use of a single or
constant nucleation rate, I. Rather than using a least
squares fitting operation an alternate method was devised
for data analysis. It was observed during the course of a
shear crystallization experiment that the increase in number
of cyrstallization sites and the increase in shear stress
as a function of time produced similar curves. It may be
said then that the formation of nuclei or the injection of
nuclei into the system produces a corresponding increase in
shear stress in the melt, this increase in shear stress may
then act to enhance further nucleation which in turn will
cause another incremental rise in shear stress and so on
until crystallization is complete. Stresses usually become
so high that spherulites formed early in the crystallization
are pulled into fibers, also a row nucleated morphology
126
may develop as shown in the preceding micrographs, Figures
^.^2 through k.ky.
From the appearance of the nuclei versus time plots it
might be said that one nucleus begets another. It is as •
though the injection of new nuclei into the system depends
on the number of nuclei already present in the system. The
similarity between the shear stress versus time and nuclei
versus time curves suggests a proportionality between the
number of nuclei in the system and the shear stress in that
system at a particular shear rate and temperature. If one
plots the number of nuclei in the system against the shear
stress in the system a reasonably linear relationship results.
When looking at these results one must consider that the
shear stress and nuclei data are collected on separate in-
struments having different shear geometries and temperature
control capabilities which would account for some of the
discrepencies
.
Such a plot is shown in Figure 5./+ for two
shear rates and temperatures. This implies dependence of
nucleation on shear stress in the system. The shear stress
in the system at any given time is a function of both the
shear rate and viscosity. In this work the shear rate is
constant during the crystallization process and the viscosity
is initially dependent on shear rate and temperature. As
crystallinity develops the viscosity also shows a dependence
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Fig. 5.*K Number of nuclei as a function of shear
stress for three different molecular weight species of
poly ( 1-butene) .
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on the degree of crystallization. The visoosity increase
during shear crystallization can be predated fairly well
as a function of the volume fraction of crystallized material
and particle geometry71 ' 72
, since the initial morphology
cf the developing crystallites is similar to a prolate el-
lipsoid an equation developed by J . G . Brodnyan7 ?, equation
18, based on Kuhn and Kuhn's theory7^ for the viscosity of
ellipsoids in dilute solutions has been used to calculate
the viscosity of the crystallizing sheared melt.
«pC 2 '* + o-^fl-n
1'^
] (18)
In equation 18,7) is the viscosity of the suspension, here
the viscosity of the polymer melt with nucleating crystallites,
7}Q is the viscosity of the pure melt, 0 is the volume fraction
of suspended prolate ellipsoids, here the volume fraction
of polymer crystallites, p is the axial ratio and k is an
interaction constant which depends upon the packing efficiency
of the ellipsoids. Figures 5-5 and 5-6 show a comparison of
the viscosity profile obtained during shear crystallization
of PB(130) at 95°C and y = 0.23 sec" 1 and PB(l65) at 100°c
•
-
1
and y 0.23 sec , using a cone and plate instrument and the
viscosity profile calculated from equation 18 using volume
fraction data obtained from the parallel plate rotary
shearing device during shear crystallization. The viscosity
curve calculated for prolate ellipsoids remains below that of
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Fig. 5.6. Viscosity, experimental and theoretical,
as a function of shear crystallization time for PB(l65)
at 100°C and 0.23 sec" 1 .
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the experimental results over the entire range. The cone
and plate data show a 13.8% and 10
. 3% increase in viscosity
during the first 12 and 15 minutes of shear crystallization
for PB(130) and PB(l6 5 ) respectively. Viscosities calculated
via equation 18 using crystallization rate data for 0 and p
show a 8.79S and 3-1% increase in viscosity during shear
crystallization for PB(130) and PB(l65) respectively over
the same time period. The discrepency between experimental
and calculated results may be due in part to the fact that
the ability to control temperature in the cone and plate
instrument is not as fine as that in the parallel plate
device. This would cause each instrument to have slightly
different crystallization kinetics which in turn would af-
fect the viscosity of the crystallizing melt. Another
point to consider is the fact that the shear crystallized
melt is not like an ordinary suspension. Rather the growing
ellipsoid like crystals must be physically entangled with
the sheared polymer melt from which they are crystallizing.
This would cause the melt to take on some of the characteris-
tics of a network with the crystallites acting as tie points.
Besides those crystals which are seen with the microscope there
are probably many more nuclei with dimensions in the range of
critical" size that cannot be resolved but can function as
tie points in a network. The crystallites acting as both
suspended objects and tie points in a network would tend
to increase the viscosity by a larger amount than that
expected for a normal suspension, m a normal suspension,
the ellipsoids would have to occupy a larger volume fraction
to equal the viscosity of the crystallizing system, in the
shear crystallized system we might say then that the crystal-
lites occupy an effective volume which is larger than their
real volume, if we assume for a moment that the effective
volume is a sphere which surrounds the growing crystallite
whose radius is equal to one-half of the semi-major axis of
the crystal, then the volume of such a sphere would be four
times the volume of a prolate ellipsoid whose major axis is
twice its minor axis. Figure 5-7 shows the viscosity pro-
files calculated assuming the crystallites occupy an ef-
fective volume of a sphere whose radius is one-half the major
axis. The calculation was based on Einstein's derivation of
the relative viscosity for dispersed infinitely dilute suspen-
sions of rigid spheres 7 -5 which reads:
= 1 + 2.50 (19)
As can be seen from the graphs, the concept of using an
effective volume in place of the actual volume fraction
approximates the increase in viscosity during isothermal
shear crystallization quite well. Also shown is Burgers
theory for cylindrical rods using actual volume fractions.
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Fig. 5.7. Viscosity, experimental and calculated,
as a function of shear crystallization time for PB(l65)
at 100°C and 0.23 sec" 1 .
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For such a system then, the nuclei being born into it
are dependent on the nuclei already present in the system
which act as stress risers in that system. This may be
expressed mathematically in the following terms 77 ''78 :
N = N Q exp[KYl(t)] (20)
Here N is the number of nuclei in the system at time t,
N
q
is the number of nuclei already present in the system, K
is a constant related to the stress in the system, y is the
rate of shear, I is a nucleation rate and t is the time
after the first nuclei have been observed in the sheared
system. The change in the number of nuclei with time is then:
§ = NoK^ (2D
The case for zero shear may be easily accounted for if we
make
:
fl = N0K^ + C ( 22 )
thus at y = 0:
jjpjr = C where C, K = f(T) (23)
which is the case for quiescent isothermal heterogeneous
nucleation
.
A plot of In N vs. yt should yield a straight line with
a slope proportional to I . A family of such plots for one
temperature at different shear rates suggests the possibility
of obtaining a master curve for each crystallization tempera-
ture. Figure 5.8 shows the results of plotting shear
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Fig. 5-8. Log nuclei as a function of the dimen-
sionless parameter yt for PB(130) at 95°C
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nucleation data in the form In N vs . the dimensionless para-
meter n for PB(130) at 95°C
. As oan be seen, the resultant
straight lines at all shear rates studied lie parallel to
each other and need only a small horizontal shift to collapse
them to a single line, it is the slope of this line which
is proportional to the nucleation rate I in equation 20. The
results of plotting shear nucleation data in this manner are
shown in Figures 5-9 through 5.11. These show the temperature
dependence of nucleation under shear at all shear rates and
molecular weights studied. These plots show that as molecular
weight increases temperature plays a smaller role in shear
induced nucleation. This is also supported by the fact that
as the molecular weight is increased the temperature of
crystallization under shear must be increased in order to keep
data collection experimentally accessible. Also, the tempera-
ture range over which data can be collected narrows as
molecular weight is increased. It might be said that as
the shear stress level increases the negative temperature
dependence of nucleation decreases. Since the slope of these
lines are directly proportional to a nucleation rate we may
use these values to extract information concerning interfacial
free energies under shear conditions. The equations used to
analyze these results were the same as those used for
quiescent nucleation, namely equations 15 and 16 . Both
equations fit the data equally well. However, the equation
137
Fig. 5-9. Natural log of the number of nuclei
as a function of yt for three crystallization
temperatures for PB(130).
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Fig. 5.10. Natural log of the number of nuclei
as a function of at three crystallization
temperatures for PB(l65).
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Fig. 5-11. Natural log of the number of nuclei
as a function of yt at three crystallization
temperatures for PB(O^OO).
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for three dimensional homogeneous nucleation yielded d2 o
values which were absurdly low, i.e. A in the order of
5 erg /cm . The analysis for coherent heterogeneous
nucleation gave results which are still low but lie closer
to those obtained for quiescent nucleation. The results
of plotting In I + UVR(T-TM ) vs l/TAT
f for the shear nucleation
data are plotted together with the quiescent results in
Figures 5.1 through 5-3. As shown, the slopes obtained for
the shear nucleation analysis are approximately one
-half
of those obtained for quiescent nucleation analysis. This
leads to somewhat lower values of 00 for shear nucleation.
Table k lists the values obtained for 00 from the preceding
analysis. The discrepency in 00 values between shear and
quiescent nucleation data may possibly be the result of not
being able to count the individual nuclei accurately enough.
It is more likely that an under-counting of nuclei would
occur thus making the nucleation rates artificially low.
This kind of error would be greatest for large undercoolings
and high shear rates which cause the most profuse nucleation.
This would tend to lower the slope of the In I vs l/TAT plot
resulting in lower 00 values. Another point is the observa-
tion that shear nucleation does not appear to have as strong
of a negative temperature dependence as quiescent nucleation.
This would tend to flatten the slope and yield lower values
1^1
for aa
Q . The trend in this analysis is for aa values to
decrease as molecular weight increases, it was also found
that the temperature dependence of nucleation under shear
decreases as molecular weight increases. It is not surprising
then that the aa
Q values should also show a decrease. One
might find that at a sufficiently high molecular weight the
temperature of crystallization may have a very small effect
on nucleation rates under shear conditions. This would pro-
duce a very flat slope which suggest the product Od would
e
approach zero. If one takes the slope of the lines in
Figures 5-1 through 5.3 which are directly proportional to
the nucleation rate under shear and back calculates what
crystallization temperature would be necessary to obtain the
same nucleation rate under quiescent conditions and plots
these results, one finds that the points fall on the same
line as that obtained for the quiescent nucleation experi-
ment. Thus the shear nucleation rates plotted as if they
were obtained under quiescent conditions would then yield
00 values identical to those obtained under quiescent con-
ditions. Apparently the imposed shear rate behaves as though
it imparts an additional undercooling to the system allowing
the melt to nucleate as if it were at some larger undercooling.
Figure 5-12 shows a plot of nucleation data obtained under
shear and quiescent conditions along with what the l/TAr
inverse
Fig. 5-12. Nucleation rates as a funoti nn n-p
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values would be for quiescent nucleation rates using shear
nucleation rate data for PBU65). This plot shows that the
shear nucleation data collected at the smaller undercoolings
are shifted more so than those collected at larger under-
coolings, that is they have a larger additional undercooling.
Again this points out the decrease in the temperature de-
pendence of nucleation under shear conditions. The concept
of additional undercooling in shear nucleated systems has
been discussed by others'*' and it is sufficient to say
here that the concept is consistent with the results obtained
in this study.
Growth Rates
The analysis of growth rate data under both quiescent
and shear conditions is straight forward. The plots of
spherulite radius versus time in figures ^.18 through 4-. 27
show that there is a linear relationship between crystallite
size and time. It is a well established fact that spheruli-
tic growth rates of crystalline polymers are linear with
81
time under quiescent growth conditions . Little is known,
however, about crystallite growth rates in a shear field.
Difficulty in obtaining this information arises because the
nucleation rate in a shear field is very large in comparison
144
to the growth rate. This results in an increased crystalli-
zation rate leaving little time for significant crystal
growth to occur. Also, because of the dynamic system itself
measurements cannot be made on the same crystallite at each
time increment. One measures several of the largest crystal-
lites observed in the field of view in each frame and
averages this assuming the largest crystallites were the first
born in the system. Data collection is usually restricted
to crystallizations with low undercoolings and low shear
rates. The data collected under shear conditions agrees
quite well with that collected under quiescent conditions.
Shear conditions seem to have little influence on crystallite
growth rates per se, at least in the early stages of the
crystalline transformation. Another interesting point which
verifies this observation is that if one begins a crystalli-
zation experiment under shear conditions and after some time
stops the shear on the system and continues the crystalliza-
tion run quiescently the growth rate data collected during
the quiescent part of the experiment falls on the same line
as the growth rate data collected during shear crystallization.
This result is shown in figure 4.28 for PB(0400).
The analysis of growth rate data is similar to that for
nucleation rate analysis. In growth rate analysis, however,
82
we must be concerned in which particular regime crystallization
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is occuring. By regime we mean the particular manner in
which nuclei form on the substrate and spread at some rate
across the surface. This flux determines the growth rate.
Lauritzen and Hoffman83 describe two growth regimes: Regime
I is said to occur when a nucleation act on a substrate is
immediately followed by deposition of a surface layer before
another nucleation act usually occurs. The growth rate in
this regime is generally expressed as:
G(cm/sec) = G
q
exp[-UVR(T-Too)]exp[-4bbO /(Af)kT] (24)
The factor exp[
-U*/R (T-Too)] relates to the temperature
dependence of the segmental jump rate in polymers and is of
the same form as that which describes variation in the
60fluidity of molten polymers with temperature. In growth
rate analysis, however, the values of U* and T^ are not
necessarily the same as those found in bulk fluidity measure-
84
ments
.
It is known in the region where T does not vary
with molecular weight the crystal growth rate of a molten
polymer at a given undercooling does not vary nearly so
sharply with molecular weight as does the fluidity. It is
commonly known that the bulk fluidity is proportional to
-?4 8 S
M J for most polymers J after the critical molecular weight
is surpassed, whereas in this work it was found that the
crystal growth rate varied with molecular weight approximately
as M
_1,
°. For this reason the values of U* and Too normally
3>6
used in fluidity work have been changed slightly so they
relate more closely to the crystallization process. As far
as we are concerned in this study the values chosen for U*
and Too a^e academic because they had no effect on the aa
e
values which were extracted from the growth rate data.
Values for U* of ^100 and 1500 cal/mol and T^ - T - 51.6°K
and
-
T
g
- 30 K respectively were used and the net result
was to change the value of GQ , the intercept on the Log 1Q
G + U*/2 • 3R(T-Too) axis. Throughout this analysis then the
values 1500 cal/mol and T - 30°K were used for U* and Too
respectively for reasons mentioned above and to remain
consistent with other crystallization analyses in the
literature^ 0 . The type of growth process just described
cannot be expected to hold for all levels of undercooling.
In Regime I when a molecule becomes attached to a crystal
edge and forms a stable nucleus the crystal edge or growth
strip fills in rapidly with non-nucleating molecules. In
this case when the rate of strip nucleation is much less
than the rate of filling in that strip the crystal growth
rate is proportional to the rate of strip nucleation. A
point can be reached, however, where the strip nucleation
rate approaches the rate of filling in the strip so that now
the number of nucleating and non-nucleating molecules in the
crystal are more or less equal or the surface forming nuclei
1^7
appear in large numbers and spread slowly across the substrate.
This probably results in a rough growth front on the crystal
edge and is referred to as Regime II gr0wth . Sanchez and
DiMarzio 86 and Lauritzen82 have suggested and shown that »
in Regime II the nucleation exponent in the growth rate
expression is reduced by a factor of two. This yields a
growth rate expression of the form
G = G
Q expQ-uVRCT-Too)] exp[-2bdd /(Af )kT] (25)
for bulk polymers crystallizing in Regime II. The difference
in nucleation exponents between these two regimes arises
from the model used to represent the growing crystal front.
In Regime I where the model shows the nucleation of growth
layers to be the controlling step the crystal growth rate is
directly proportional to the product of the thickness of the
growth layer, the length of the substrate lamella and the
nucleation rate of new surface growth layers per unit length
per unit time. The model proposed for Regime II, however,
shows both surface nucleation and substrate coverage to
govern the overall growth rate. This leads to a crystal
growth rate which is proportional to the square root of the
product of the nucleation rate and growth layer coverage
velocity
.
In order to calculate the proper <jd
e
values it is
necessary to determine in which regime crystal growth is pro-
1^8
ceeding. Lauritzen has presented a theory which gives
a relationship between substrate length, lamellar growth
rate, and crystallization temperature in terms of the models
mentioned above. In theory, the regime in which growth
occurs depends on n, the number of nuclei contributing to
each completed growth layer, n itself depends on i , L and
g the surface nucleation rate, substrate length and growth
layer velocity respectively. Lauritzen82 defines the term
z = iL2Ag (26)
which is the dimensionless arrangement of the variables
controlling n and shows when n = n G = biL and when
n =VzT G = b(ig) 2 . It is also shown that by establishing
upper and lower bounds for n(z) one can establish when the
equation for regime I or regime II is the more valid. The
criteria set by Lauritzen was used to determine in which
regime crystal growth proceeded. Equation 26 can be ap-
6oproximated by equation 27 when the appropriate substitu-
tions are made for i and g.
z = z(L/2a) 2 exp(wabb /kT ) exp[ -Kg/T&D] (27)
Here z is in the number of -CHp- type units in a stem of
length l*g, the initial lamellar thickness. All other
symbols have their usual meaning, Kg is obtained from growth
On
analysis and tfQ was calculated from tfQ = q/2A Qf where
AQ is the cross-sectional area of the
chain and q is the
-13
work of chain folding, which for polybutene-1 is 1.7 x 10
1^9
erg/fold88
.
The number of
-CK^ type units in a stem was
approximated from the equation by Price 5,26
,
l*g = 2tfeTm°Ahf + 61 (28)
Where 61 =• kT/2bQa ' (29)
Substituting the appropriate values in the above equations
yields l*g values of 50 to 100 8 for the undercoolings used
in this work which puts z in the range of approximately
^+0 to 80 -CH
2
- type units. Using the value z assumes for
each growth regime, and making the appropriate substitutions
in equation 27, the corresponding values of the substrate
length L, may be found. The value of L is largely con-
trolled by the undercooling AT which is also responsible
for the large variation in i . If one fixes L then z changes
as a function of i/g which in turn is governed byAT. For
most polymers, i changes more rapidly with AT than does
g which leads to larger values of z as AT increases. Con-
versely if z is fixed and L allowed to vary with AT then
Op
L decreases as AT increases. Lauritzen has shown that
z is closely bound to values of 0.01 or less for regime I
crystallization to hold. As z increases to a value of 0.5
a transition region between regime I and II is entered. At
z values of 1 or greater crystallization is most likely
occuring in regime II. Calculating values of L for each
regime usually yields substrate lengths which are quite
150
probable in one regime and clearly inadmissible in another.
Substrate lengths calculated for z in the 0.01 to 0.1
range (regime I) for our range of At yield values of L
in the 1 8 range, while using values of z in the 1.0 to 10
range yield substrate lengths in the 0.1 micron to 10
micron range. Clearly the regime I analysis yields sub-
strate lengths which are much to small because substrates
shorter than the width of a poly ( 1-butene ) molecule do not
make sense. The regime II analysis, however, yields substrate
lengths that are quite realistic. The analysis for the
high molecular weight PB(0^00) sample at the lowest under-
cooling did yield values consistent of crystallization in
the regime I - regime II transition region. All the Kg
data obtained in the work was analyzed using equation 25
which is consistent with regime II type crystallization.
It should be brought to mind that the Tm° used in all cal-
culations for each Mw poly ( 1-butene ) was ^01°K. It is quite
possible that the highest Mw poly ( 1-butene ) used, PB(0^00),
exhibits a higher Tm° as a result of shear-stress crystalliza-
tion similar to the ultra oriented or pressure crystallized
polyethylenes^ ' ^°
.
The growth rates for quiescent and shear crystallization
were analyzed by plotting log
1Q G + U*/2 . 3R(T-T00 ) vs l/TATf
and are shown in figures 5.13 through 5.15- The points on the
151
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Fig- 5.13. Log growth rate as a function ofinverse temperature for PB(130) under quiescent andshear conditions.
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Fig. 5.14. Log growth rate as a function of in-
verse temperature for PB(l65) under quiescent and
shear conditions.
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Fig. 5 .15. Log growth rate as a function of in-
verse temperature for PB ( 0^4-00) under quiescent and
shear conditions.
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graphs which represent the shear data were obtained by
calculating the average growth rate over all shear rates
studied at each At
. As shown in figures 5.13 through
5.15 the growth analysis under shear essentially coincides
with the quiescent growth analysis. The y axis intercepts,
G
Q , for these plots are listed in Table 5 and were obtained
from the calculated linear regression curve using growth
rate data. GQ values for the three Mw species studied here
1 2
range from 10 to 10 cm/sec which are in good agreement
with the theoretical GQ of approximately 10
2
cm/sec pre-
setdieted by regime II growth theory
.
The bb
e
values calculated from the Kg values of the
growth rate analysis plots for shear and quiescent crystal-
lization are also listed in Table 5. As mentioned previously,
the growth rates did not vary as a function of shear rate
at a given temperature, thus the similarity in db values
for shear and quiescent conditions. Kg is defined as the
value of the slope of the log
1Q G
+ U*/2.3R(T-T0O ) vs l/TArf
curve and is equal to 2bbd Tm°
/Ahf for crystallization in
regime II. Here b is the monomolecular layer thickness on
the crystal growth plane, for poly ( 1-butene ) this is 7 8
56 0
on the (100) growth face ' , Tm is the equilibrium melting
temperature
,
Ahf, the heat of fusion, and k is Boltzman's
constant. Kg values for each poly ( 1 -butene ) studied are
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TABLE 5
Growth Rate Parameters for Poly ( 1-butene
)
p"r ( i "DT5 / 1 A C PB ( OM-00 J
h- (erg/ciiP) 9.6 x 10 8 9.6 x 10 8 9.6 x 10
U* cal/mol 1500 1500 1500
a( cm) 7.44 x 10~ 8 7.44 x 10~ 8 7.44 X 10~ 8
b(cm) 7.44 x 10" 8 7.44 x 10 7.44 X 10" 8
Tm(°K) 401 401 401
Kg(erg/°K) 4.9 X 10 45.9 x i(T 4.6 x 10^
G (cm/sec)
(quiescent
)
11 77 200
cjtf (quiescent
)
111 104 96
tftf
Q (
shear) 102 97 96
q(kcal/mol
)
2.4 2.9 2.3
listed in Table 5 also. The values extracted for 00 from
e
the Kg analysis are clustered around 100 erg2/cm^ and com-
pare reasonably well with the 00 values obtained for
polymers of a similar structure. For instance, isotactic
polystyrene, poly ( chlorotrifluoroethylene ) , poly ( oxyme thy
-
lene), poly (oxyethylene ) , poly (oxypropylene ) , poly(tetra-
methyl-p-silphenylene ) and [poly (propylene ) ] all have
dO
e
values in the range of 150 to ^00 erg2/cm^ ^ . Each
of these semi -crystalline polymers share similarities in
their chemical and crystalline structure. Several of these
polymers have a side group constituent, which contributes
to the relatively large cross-sectional area, (ab), of these
molecules, and all of them crystallize with their chains
in a helical structure. Polymer chains with a helical
structure usually have chain bonds alternating between a
regular pattern of trans and gauche conformations, i.e.
poly ( 1 -butene ) has a helical structure where all chain
91bonds alternate between trans and gauche conformations
,
the poly ( ethylene oxide) molecule in the crystalline state
has a helical structure with the succession of trans, trans
92
and gauche conformations . This incorporation of gauche
states in the helical structure should make chain folding
somewhat easier since gauche conformations are usually
required for a polymer chain to fold back on itself. In
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polyethylene it is necessary to rotate five or six CH
2
units
into gauche positions to form a re-entrant fold ^ . It is
expected that isotactic poly ( 1-butene ) would behave very
similar to isotactic polypropylene. The difference being
that the methyl group is separated from the chain backbone
by two bonds . This ethyl group can be accommodated without
much steric repulsion if one or both of the skeletal bonds
adjacent to the carbon atom with the ethyl group is in a
gauche conformation. The use of molecular models in this
work has shown that by rotating eight to ten consecutive
main chain carbon atoms in the poly ( 1-butene ) molecule into
the proper gauche positions will cause the polymer chain to
fold back on itself with a minimum of steric repulsions. A
trans -trans pair of bonds would introduce large steric
repulsions with both of the neighboring skeletal carbon
atoms 9 ^. For isotactic chains then, trans pairs are a rare
occurance. This fact should help chain folding in poly(l-
butene) because a succession of gauche pairs is energetically
more favorable than a succession of trans -pairs and a gauche
+ gauche + pair is approximately 600 cal/mol higher in
... 91
energy than the most favored trans -gauche conformation .
A trans -trans pair in the poly ( 1-butene ) backbone would
induce a four-bond steric overlap between the skeletal
methylene groups and the ethyl sidegroup which would cost
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approximately 1.7 kcal/mol or more in energy than the
trans
-gauche conformation.
Mention should now be made of q, the work required
to form a chain fold. Hoffman60 has pointed out that q -
is more closely related to the details of chain structure
than dQ , the fold surface energy. The main contributor
to the end surface energy is the number of chain folds in
that surface. The relation9^ between the end surface
energy and the number of folds in that surface is
tf
e
= [(qv-l)/(2va)] + dQQ (30)
where v is the number of parallel step elements in the
crystal and d
qq is the energy of the surface if there were
no folds, probably similar to a lateral surface type energy.
For one fold d can be approximated by, a = q/2a and the
lateral surface energy tf, is given by the empirical relation
1
ship d =Ahf(ab) 2 • a where a = 0.1 in the case of a long
chain polymer crystal. Substituting these expressions for
d
Q
and d into equation 25 yields KG.,- = q( aTm°/k)[b/(ab) r ]
and gives a value for q from growth rate analysis . The
average value of q calculated from the KG.^ values obtained
in this work was 2.5 kcal/mol of folds. By comparison,
molecular models used in this study show that the poly(l-
butene) isotactic chain can be made to fold back on itself
by rotating five consecutive backbone bonds into gauche
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conformations. The gg conformation is about .6 kcal/mol
higher in energy than the tg conformation, which gives q
a value in the range of 3 kcal/mol. This fold energy is
referenced to the trans-gauche conformation of isotactic
poly ( 1-butene ) which is the most probable and lowest energy
state for this chain. The t-g state, however, is a higher
energy conformation when compared to the t-t conformation
of polyethylene. The fold energy values for isotactic
poly ( 1-butene) calculated from growth rate analysis in this
work compare favorably with q estimated from the excess
energy stored in the chain as a result of the geometric
conformations required to form the fold.
As shown beforehand the shear rates under which growth
rates could be measured showed no appreciable difference in
Kg values at a given temperature. This implies that the
shear rates used in this work do not affect the basic chain
folding mechanism of polymer crystal growth during crystal-
lization. No experimental evidence was found which shows
that an imposed shear field increases polymer crystal growth
rates. If one examines the dynamics of a particle moving
in a shear field it is difficult to see how shear itself
could accelerate the radial growth rate. Particles in a
shear field undergo characteristic rotational and transla-
tional motions which manifest themselves in various ways
16 0
depending on the shape of the particles. The initial shape
of a growing polymer crystal as shown previously is that of
a rod or prolate ellipsoid. Motions of particles in the
form of prolate ellipsoids or rods in a sheared suspension
have been described theoretically by Jeffery 95
,
and observed
experimentally by Mason and others 96,97
, in general,
these particles will move in the direction of shear and
because of the velocity gradient in the fluid they will be
subjected to a torque arising from the uneven viscous drag
of the liquid which superimposes a rotation upon the trans-
lational motion. For rod-like particles the rotary motion
will depend on the particle orientation in the shear field.
If the particle is oriented perpendicular to the direction
of motion and parallel to the shear plates the cylinder
rotates about its own axis. When the rod is aligned parallel
to both the shear direction and plates then the rotating
particle describes a disc. For other orientations the particle
will translate along the flow direction and the ends of the
rod or prolate ellipsoid will orbit as symmetrical ellipses.
When viewed normal to the moving shear plate the ends of
these particles will appear to rock back and forth (see
Appendix )
.
Having briefly described the typical motions of a rod-
like particle suspended in a simple parallel plate shear
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field it is not surprising that no accelerated growth rates
were found since the particle is constantly tumbling through
the medium which supplies the molecules for its growth.
Should a segment of a polymer chain in the amorphous fluid
be in the right orientation for nucleation onto the moving
crystal it might just as easily be stripped off the growth
face by the viscous drag of the fluid on the moving crystal.
One possibility for accelerated growth rates in a shear
field could be due to particle-particle collision. Simple
laminar shear flow provides the process whereby suspended
particles collide with one another^ 8
. Uniform spherical
particles will collide when the distance between their
centers becomes less than one diameter. For other particle
shapes collisions will depend on the space defined by the
particle which in turn is determined by its orientation in
the shear field. When two crystallites collide they may
stick together and form a doublet by simple mechanical
entanglement or by intercrystalline links should the cilia
from one crystal nucleate on the colliding crystal. The
doublet may now grow in size through further collisions.
The rate at which a particle grows by agglomeration will
depend on the collision frequency which in general is a func
tion of the shear rate and particle concentration, shape and
volume. If the disruptive forces in the shear field are
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strong enough to break the aggregate apart further growth
ceases and equilibrium is established between crystal
agglomerates being built up and broken down. Some evidence
of accelerated growth by agglomeration is shown in figures
5-16 and 5.17. These photomicrographs are of poly ( 1-butene
)
Mw = 130,000 and 165,000 respectively crystallizing under
shear conditions at the end of a crystallization run. These
large agglomerated crystallites generally begin to appear
when the nuclei population becomes very large thus making
nuclei counting impractical. This is expected because a
certain concentration of particles or nuclei is required to
make the collision frequency high enough to produce a rapid
growth by agglomeration. Growth rates of this sort have not
been measured because they are of a mechanical nature and
are not considered a true crystalline growth process but
have been briefly mentioned because such a growth process
is peculiar to sheared regimes.
Kineti cs
As mentioned previously, the kinetic treatment of
shear induced crystallization isotherms has generally yielded
anamolous values for the Avrami J exponent n as compared to
the values of n generally obtained in quiescent crystalli-
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Fig. 5.16. Optical photomicrograph of PB(130)during shear crystallization showing apparent ag-glomeration of nuclei.

16k
Fig. 5.17. Optical photomicrograph of PB(l65)
during shear crystallization showing apparent ag-
glomeration of nuclei.
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zation. In this work the value of n generally increased
with shear rate to a maximum and then decreased at the
highest shear rate. Theoretically n is an integer which
assumes values from 1 to 4 and is indicative of the shape
of the growing crystals as well as the crystallization
rate. The values of n calculated in this work for quiescent
crystallization are close to 4 which is indicative of three
dimensional (spherical) crystals nucleated sporadically/
This is indeed what was found experimentally. The increase
in the value of n beyond ^.0 found in the shear crystalli-
zation experiments is consistent with the increase in the
speed of the crystallization process. Values of n greater
than however, do not have any physical significance where
the dimensionality of the growing crystallite is concerned.
The form of the other Avrami coefficient, k, describes the
overall crystallization rate and contains nucleation and
growth rates assumed to be constant. For a quiescent iso-
thermal crystallization with a negative temperature coeffi-
cient one would expect the value of k to decrease as the
crystallization temperature increases. As far as shear
crystallization is concerned, k should also decrease as the
temperature of crystallization increases at constant shear
rate. At constant temperature we might expect k to increase
with increasing shear rate because of the large increases in
nucleation resulting from the imposed shear field. The
increased nuoleation should be reflected as an increase in
the overall rate of transformation, it is difficult to say
anything about the magnitude of the increase in k because
nucleation rates during shear crystallization are not con-
stant and the growth habit of the crystals changes as the
shear rate increases. That is, with increasing nucleation
density the rod-like crystals have no room to develop into
spherulites and as the shear stresses increase a fibrillar
morphology with lamellar overgrowths develops. Since k has
the general form k = ANGm where A is a shape factor, N the
nucleation rate, G the lineal growth rate and m the dimen-
sionality of the growing crystals, k would decrease as the
morphology changes from spherulitic to lineal. If the com-
plete phase transformation under shear is to be accounted
for by Avrami kinetics then one must also consider the type
of crystal growth which occurs as a result of interparticle
collisions described previously. Neither would the growth
rates or the density of these crystallites be equivalent to
an individual crystal. Avrami analysis assumes a constant
or instantaneous nucleation mechanism and a constant lineal
growth rate. As crystallization processes accelerate under
shear the Avrami analysis becomes less applicable.
Crystallin e Morphology
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The morphology of poly ( 1-butene ) shear crystallized
from the melt ranges from the rod-like crystals aligned
perpendicular to the shear direction to fibrils with lamella-
like overgrowths reminiscent of solution grown shish-kebab
structures. The quiescent crystallization also begins with
rod-shaped crystals which develop into spherulites composed
of radially symmetric arrays of lamella. An example of the
radial lamellar arrays typical of the unsheared spherulites
crystallized at the various temperatures in this work is
shown in figure 5-18, a scanning electron photomicrograph
of the surface of a spherulite. Wide angle x-ray photographs
of the quiesciently crystallized samples are radially sym-
metric in intensity and show no mottling of the diffraction
rings. This indicates a random orientation of crystals on
the unit cell level and a fine crystalline texture.
Early in the crystallization, when the crystals are
first resolved by the optical microscope, the only apparent
difference between the sheared and unsheared morphology is
the alignment of the rod-shaped crystals perpendicular to the
flow direction in the sheared samples. When the shear rate
is low so that the nucleation rate is comparable to quiescent
nucleation rates then the rod-like crystals will develop
168
Fig. 5.18. Scanning electron photomicrograph ofquiescently crystallized PBd^O) spherulite.
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into crystals similar to the unsheared spherulites. Figure
5-19 shows crystals which have grown beyond the rod-like
state for a sample crystallized at 100°c and 1.0 sec" 1
. The
larger crystals in this micrograph have lost their rod-
like character and are taking on more of a spherulitic
geometry. Stopping the shear at this point would essentially
end further nucleation and allow the existing crystals to
develop into spherulites. Continuing the shear will allow
nucleation to progress in an exponential manner until the
volume is filled with crystallites. Figure 5. 20 is an
optical micrograph at a time-_in the shear crystallization
when most of the crystallites have impinged upon one another,
those crystals nucleated first have assumed a spherical
shape while the material in between the larger entities is
of a much finer crystalline texture. Beyond this point the
shear stresses increase to a level where crystallite deforma-
tion and fiber formation occurs. Actual observation of the
crystallites during deformation and fiber drawing was not
possible in this shearing system because of sample movement,
and the inability to resolve individual crystals at high
degrees of transformation. The resultant morphology at high
transformation and shear stress was observed after the sample
had been removed from the shearing device. Figure 5-21 is an
optical photomicrograph of a typical shear crystallized
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Fig. 5-19- Optical photomicrograph of PB(130)
crystallites during shear crystallization.
Fig. 5.20. Optical photomicrograph of PB(130)
crystallites near end of shear crystallization experiment.
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Fig. 5.21 a thru d. Hv and W wide angle light
scattering patterns for quiescent and shear
crystallized PB(130).
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sample near full transformation now exhibiting a fibrous
morphology. The change from a rod and spherical morphology
to one consisting of a fibrous texture was frozen in during
the deformation process and is shown in figures k AO and •
^1 which show some of the elongated crystallites in a
field of fibers. Some of the fibers may not come from the
drawn crystallites but may originate in the remaining
amorphous melt which has not yet crystallized but is sub-
jected to the high shear stresses. The highly oriented
amorphous regions may form fibrils which act as nucleation
sites for epitaxial crystallization of the surrounding melt
and yield a morphology as. shown in figures k AZ through k A7
.
Small angle light scattering patterns obtained for a sheared
sample are shown in figures 5. 20a through 5.21d. Here the
polarization and shear direction are vertical in the photo-
graphs. The Hv and Vv intensity patterns were used to
demonstrate qualitatively the change in morphology during
shear crystallization. The change in the lobes of the Hv
scattering pattern from circular to elliptical indicates a
99transition in morphology from spherical to anisotropic .
The Vv scattering patterns also yield similar information
about the changing morphology. The increase in the horizontal
lobe, Figure 5«21d, to a higher radial angle as the shear
crystallization progresses indicates the crystallites are
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changing from a radially symmetric morphology to that of
QQ
a prolate spheroid
.
Wide angle x-ray diffraction patterns also show the
morphological changes incurred during shear crystallization.
A typical Debye-Sherrer pattern100
,
figure ^9, for an un-
sheared poly ( 1-butene ) film crystallized at 100°C for 22
hours shows a series of complete concentric rings. The
positions of the rings characterizes the reflecting planes
of the crystallites and the fact that the rings are complete
shows the crystallites are randomly oriented with reference
to the incident x-ray beam.
___The positions of the reflecting
planes shows the presence. of two crystalline forms also
.
When crystallized from the melt the tetragonal cell is first
established which then transforms, on standing, to a stable
hexagonal form. The transformation is nearly complete after
forty hours at room temperature 101
.
Figure ^.^8 shows that
both the tetragonal and hexagonal forms are present after
crystallizing PB(130) for 22 hours at 100°C . Applying strain
to a freshly crystallized sample of poly ( 1-butene ) is known
102
to increase the rate of crystal-crystal transformation
The powder pattern in figure 4
.
50 was obtained from a sample
of PB(130) shear crystallized at 100°C and 0.66 sec for
7 minutes. It shows the Debye-Sherrer rings in the form of
arcs, indicative of crystallites whose crystal axes are
17^
oriented around a preferred direction. The number and
position of the rings indicates the presence of both crystal-,
line forms in the sheared sample also. When spherulites
undergo deformation the reorientation of the crystalline
substructure depends on its initial position with respect
to the stress direction. Yee and Stein103 have shown that
local deformation in the polar and equitorial regions of
a spherulite yield separate x-ray diffraction patterns,
while the macro x-ray diffraction pattern is a composite
of the patterns from all local regions within the spherulite.
The macro-pattern of figure ^50 shows the combined reflec-
tions from the polar and- equitorial regions of deformed
poly( 1-butene ) spherulites. The relative differences in
intensity between the reflections from the crystals of Form
I and II indicate that most of the crystals have been trans-
formed to the hexagonal modification (Form I ) as a result
of stressing during shear crystallization. The shear
stresses not only accelerate the Form II to I transformation
process but also orient the crystals. The position of the
arcs in figure ^.50 indicates that the unit cell has reoriented
in both the equatorial and polar regions of the crystal as
a result of external deformation. Reflections from the
110 (I), 200 (II) and 300 (I) plane had all moved to the
equatorial position indicating movement of the C axis toward
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the direction of strain in both crystal forms- 03
. The re-
flection from the 220 (II) plane which is nearly parallel
to the spherulite radius, indicates that this axis has not
reoriented in the equatorial region of the spherulite but
that the other axes may have rotated about the 220 (II)
plane. Absence of this reflection in the vertical position
(polar region of the spherulite) may mean that this axis has
oriented parallel to the spherulite radius in the polar
region or that the Form (II) to (I) transformation is complete
in this region of the spherulite. The appearance of a third
pair of arcs in the 220 (I) reflection suggests that this
axis has been reoriented to a better reflecting position
and that the shear stresses during crystallization have
elongated the spherulites on the order of 25 to 5°%«
Conclusions
This body of research has shown that the imposition
of relatively low shear rates on an uncrosslinked melt of
isotactic poly ( 1-butene ) produces large changes in the
crystallization kinetics and morphology of the material.
Of the two factors, nucleation and growth, which control
the overall rate of transformation, large increases in
nucleation rates under shear account for the increase in
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crystallization rates while growth rates under shear
apparently remained unchanged. The Avrami exponent n,
which is related to the time dependence of nucleation, was
found to increase as shear rate increased. The increase in
n was not directly proportional to the increase in shear,
rather it tended to approach a limiting value.
The number of nuclei in the sheared melt rose in an
exponential manner as a function of time. Shear stresses
in the crystallizing melt also increased in an exponential
fashion, paralleling the rise in the number of nuclei.
The instantaneous shear stress in the system is believed
to be the major parameter; which influences nuclei formation
in the sheared melt. The effect of shear rate itself was
to change the characteristic induction time for nucleation.
Increasing shear rate decreases the induction period to a
point, then one observes a saturation effect of shear on
induction time. The higher molecular weight materials had
the largest decrease in induction time and approached the
induction time limit at lower shear rates . The shear rate
imposed on the poly ( 1-butene ) melt establishes a steady shear
stress on the polymer molecules. Depending on the density
of chain entanglements molecular segments will experience
a degree of orientation through the elastic nature of the
melt or from flow orientation. The highest molecular weight
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poly(l-butene) studied exhibited flow birefringence even
at the lowest shear rate. Rheological measurements also
showed a shear thinning effect. Both of these phenomena
are related to polymer chain orientation. For a given
molecular weight, temperature and shear rate there is a
steady state stress on the polymer melt which produces
some average degree of alignment among the polymer chains.
Alignment of polymer chain segments is a favorable condition
for nuclei formation so the probability of a nucleation act
occuring should increase as the average orientation in the
melt increases. Once nuclei--.torm in the system the shear
stress begins to rise though the shear rate remains constant.
The shear stress increases because the nuclei behave like
solid particles suspended in a medium and the viscosity of
that medium will increase as some function of the volume
fraction of suspended particles, also, and most importantly,
the nuclei in the sheared polymer melt are an intrinsic
part of the melt and therefore behave like crosslinks
between polymer chains and chain segments. The chain seg-
ments between the pseudo-crosslinking of the nuclei become
extended in the sheared system and enhance the formation of
new nuclei . As long as shear is maintained on the crystal-
lizing system nucleation will proceed as a function of the
nuclei present in that system.
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Radial growth rates of nuclei in the sheared system do
not appear to be significantly affected by shear stresses
and are very similar to growth rates under quiescent condi-
tions. The only form of accelerated growth observed was
that due to an agglomeration process. When nucleation
densities become very large the probability of interparticle
collisions increases enabling large crystalline entities
to form by a flocculation process.
The morphology of shear crystallized poly ( 1-butene ) was
found to be a function of the shear stress on the system
and so it encompassed spheruiitic
, row-nucleated and fiberous
morphologies. In a low stressed system nuclei have time to
develop into three dimensional spherulite-like morphologies.
As shear stresses increase spherulites deform and fiber
formation takes place. At high stresses a fiber morphology
with sheaf-like overgrowths perpendicular to the fiber-
backbone may also develop. If shear stresses are sufficiently
high at the onset of crystallization nuclei do not have time
to develop past the rod-like state before fiber formation
occurs. The end result is to produce an oriented morphology
in a system shear crystallized to high degrees of transformation.
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APPENDIX
As mentioned earlier a strobe technique was developed
to track the motion of a polymer crystal moving in a
crystallizing melt as it is sheared between two parallel
plates. Initially a model system was used to establish
the validity of the technique. The model system consisted
of nylon rods or discs, microtomed from monofil, suspended
in a 10 poise silicone fluid. Figures A-l and A-2 show
the nylon discs and rods as they traverse the field of
view in the parallel plate shearing device. The rocking
and rolling motions of the particles as captured by the
photographs are those predicted by theoretical treatments
of suspensions subjected to laminar shear flow as described
by Jeffery 95 and Mason96
. The coordinate system which
describes the motion of a particle in a simple shear field
similar to that used in this work is shown in figure A-3.
If the particle is a sphere it will move in the direction
of shear at a velocity equal to that of the fluid in the
plane passing through the center of the sphere. The
spherical particle also rotates about an axis perpendicular
to both shear direction and velocity gradient at an angular
velocity equal to one-half the shear rate.
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Fig. A-l. Optical strobe photomicrograph of
sheared suspension of nylon ro,ds as they traverse
the field of view.
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Fig. A -2. Optical strobe photomicrograph of
a sheared suspension of nylon discs as they traverse
the field of view.
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Fig. A-3. Diagram of coordinate system for
simple shear flow between parallel plates.
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189The motion of a rod-like particle at ,n •iw-c i a y given time
is dependent on its nr-ip^ + '± utD orientation with rp^on+ + ±,xon iesPect to the shear
field. Jeffery^ describe +i,y cribes the motion of a rigid elli psoid
as rotations about the polar axi<; 7 , +* zis
»
Z, in terms of the
spherical polar coordinates, 0 and 0. These eauatiui q ions are:
(** b2
) <Wd9 . i(a2oo SV t b2sinV) (32)
(a2 b2
) dQ/dt . *(a2
- b 2 ) sinQeosGsiryW (33,
where a is the major axis and'b the minor axis of the el-
lipsoid
.
For a rod-like particle, a>b, the maximum angular
velocity about the polar axis occurs when the particle is
oriented perpendicular to the direction of motion, 0=0.
Conversely, the minimum angular velocity occurs when the
particle is aligned parallel to the direction of flow,
0 = it/2. Thus, when the particle's major axis coincides
with the Z axis the cylinder rotates about its own axis,
when the particle axis is parallel to the Y axis e rod
"cart-wheels" end over end and describes a disc in the XY
plane. For orientations in between these the motion of the
ends of the rod are a symmetrical pair of spherical ellipses
with periodic orbits. This motion when projected on the
190
XY plane, (view plane in this work) i s depi cted as a rooking
otloa. The HmitS of the back and forth rocking raotion are
the projections of the major axis of the symmetric ellipses
generated by the ends of the cylinder on the XZ plane. This
is the most common motion observed for rod-like polymer
crystals moving in a shear field as depicted by figures
A-t- and A-5. These photomicrographs were taken using the
strobe technique as poly(ethylene-oxide ) crystallized from
the melt in a shear field. The rocking motion as projected
on the viewing plane is quite evident in the photomicrographs
and is the same motion as prescribed by Jeffery's theoritical
analysis. The individual, particles transverse the field
of view at a uniform velocity as judged by the regular
spacing between stroboscopic exposures. This also indicates
that the particles are rigid, there is no turbulence, and
there appears to be no appreciable migration of particles
from their orbits.
Fig. A-^+. Optical strobe photomicrograph taken
during the shear crystallization of poly (ethylene-
oxide 6000) .

Fig. A-5. Optical strobe photomicrograph taken
during the shear crystallization of poly (ethylene
-
oxide 6000) .


